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Agricultural phosphorus (P) losses continue to contribute to eutrophication globally. 
There are currently best management practices that target particulate P losses but are not 
specifically designed to reduce dissolved reactive phosphorus (DRP) losses. A novel practice is 
the use of P removal structures. Phosphorus removal structures are designed to intercept surface 
runoff at the edge of agricultural fields to capture DRP losses. Phosphorus-sorbing media (PSM), 
waste by-products with high P removal potential, are the basis of P removal structures. The 
ability of PSM to remove DRP depends on the physical and chemical properties of the PSM, but 
the estimated DRP removal potential depends on the method used for evaluation. 
 This M.S. thesis addresses how physical and chemical traits of PSM can differ by PSM 
type, source, and particle size fractions, how DRP is removed by PSM, and the extent to which 
methodological differences challenge comparison of DRP removal potential of PSMs. The first 
chapter evaluates the traits of PSM that influence DRP removal, assesses how DRP is removed 
by PSM using sequential fractionation, and to what extent these traits vary by PSM type, source, 
and particle size fraction. These traits are hydraulic conductivity, particle size, reactive metal 
element composition (total Ca, Mg, Fe, Al, water-soluble Ca and Mg, ammonium-oxalate 
extractable Fe and Al, and citrate-bicarbonate-dithionite extractable Fe and Al). The second 
chapter examines how the methodology used to assess DRP removal potential impacts 
comparability of magnitude and processes of DRP removal. The methodologies used are batch 
isotherms and flow-through columns.  
 PSM type played an important role in DRP removal and the hydraulic conductivity of a 
PSM is a key factor to consider for feasibility in a P removal structure. A larger particle size 
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fraction such as 4 – 6.3 mm or 6.3 – 8 mm should be used in a P removal structure to maximize 
DRP removal while maintaining a sufficient hydraulic conductivity. This study showed that 
differences in metal cation concentrations among PSM type and source are more influential in 
DRP removal than the difference among particle size fractions. Sequential extraction revealed 
that certain PSM, specifically steel slag (SS), may be removing DRP differently than commonly 
assumed with Al contributing to DRP removal and also the Ca removal mechanism including 
adsorption and not strictly precipitation. This work reveals the importance of accounting for 
inherent P when determining how DRP is removed by PSM. As demonstrated by sequential 
extraction of PSM after exposure to DRP, if inherent P is not accounted for, then the magnitude 
of DRP recovered is not interpretable as inherent P can account for 100% of DRP recovered for 
some fractions. High inherent P in PSM does not appear to impact the ability to remove P, but is 
important to quantify to accurately measure which metal cation is responsible for removing P. 
This study also highlighted the need for a standard method used for evaluating PSM to 
increase comparability. In batch sorption isotherms, changing the DRP concentration range and 
whether an electrolyte solution is used affected DRP removal potential of PSM. The use of an 
electrolyte solution generally decreased the DRP removal potential, as well the DRP range ≤ 
20,000 mg kg-1. Evaluation of the flow-through columns showed that a retention time > 20 s and 
inflow solution DRP concentration > 0.5 mg L-1 would provide the most consistent DRP removal 
on a mass basis for both types of PSM type for a P removal structure in the field. Batch 
isotherms and flow-through columns provide different metrics to evaluate DRP removal 
potential for PSM, but the highest DRP removing PSM remained the same. Testing PSM with 
flow-through columns revealed that some PSM can have a net P loss as they release previously 
sorbed DRP as well as additional inherent P. This work also shows that the chemical and 
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physical traits of PSM are important to their DRP removal potential and that the methods by 
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CHAPTER 1: EVALUATING RELATIONSHIPS AMONG PHYSICAL AND 
CHEMICAL PROPERTIES OF PHOSPHORUS-SORBING MATERIALS TO 
OPTIMIZE PHOSPHORUS REMOVAL FOR PHOSPHORUS REMOVAL 
STRUCTURES 
 
1.1  Introduction 
 
 Eutrophication of surface waters by phosphorus (P) continues to impair global water 
quality [1] and is predicted to worsen if actions are not taken to reduce P losses [2]. Losses of P 
from point and non-point (agricultural) sources are a well-known contributor to eutrophication. 
The P losses contributed by agricultural fields is a combination of surface runoff and subsurface 
drainage from fields to water bodies as dissolved P and particulate P. Particulate P is the P bound 
to soil particles [3], and is exported from agricultural fields via erosion. Dissolved 
orthophosphate P, measured as molybdate-reactive P after 0.45 μm filtration, is known as 
dissolved reactive P (DRP) and is more bioavailable than particulate P, making DRP a driver for 
eutrophication [4]. The high water solubility of orthophosphate increases potential DRP loss via 
surface runoff or tile drainage effluent, particularly during storm events [5]. 
The Gulf of Mexico hypoxic zone is one of the largest eutrophication hotspots in the 
world, caused by the nutrient losses to the Mississippi River Basin [6]. Agricultural contributions 
to total P export average 49% [7] and range 32 – 80% among the states in the Mississippi River 
Basin [8,9]. To decrease the size of the hypoxic zone to less than 5000 km2, the U.S. 
Environmental Protection Agency (EPA) Hypoxia Task Force created the Gulf Hypoxia Action 
Plan in 2008 that seeks to reduce riverine loads of P (and nitrogen) [6,10]. By 2015, twelve of the 
31 states in the Mississippi River Basin developed nutrient reduction strategies [11]. These state-
specific but overall similar strategies outline best management practices (BMP) to reduce 
nutrient losses from both point and agricultural sources [12]. As the leading state contributor of 
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total P to the Mississippi River Basin, Illinois is a priority state for DRP loss reduction [13]. The 
estimated annual average total riverine P export from Illinois during 2013-2017 was 19.5 million 
kg, 48% of which was estimated to be from agricultural sources [14] and 50% of the total P loads 
were estimated to be DRP [15], making DRP a target for P loss mitigation.  
The BMPs for non-point sources, notably cover crops, reduced tillage, and fertilizer 
management [8,14,16], outlined in state nutrient loss reduction strategies to mitigate P losses do 
not specifically target DRP reduction. Cover crops and conservation tillage chiefly reduce 
particulate P losses from agricultural fields, but may not necessarily reduce DRP losses and 
under some conditions may even increase DRP losses [17,18]. Off-field BMPs include 
bioreactors, buffers (saturated or riparian), and constructed wetlands [14]. Bioreactors are 
designed to reduce nitrogen losses [19,20], buffers limit nitrogen and particulate P losses [21,22], 
and wetlands remove nitrate and particulate P [23,24]. However, none of these are designed to 
reduce DRP transfer to surface waters, and there are variable results on how well these practices 
mitigate DRP losses. For example, DRP removal for wetlands can range from 7 – 99% [25-27]. 
For some buffers, DRP loss reductions of 30 – 85% have been reported [28-31]. A BMP that can 
consistently reduce agricultural DRP export would offer a management tool to meet nutrient loss 
reduction goals. 
 Phosphorus removal structures are an emerging, edge-of-field P loss mitigation practice 
that employ a P-sorbing medium (PSM) to remove DRP from water exiting agricultural fields as 
run-off or tile drainage effluent. Limited evaluations of P removal structures located in Task 
Force states of Oklahoma [32], Ohio [33], and Indiana [34] have shown promise of 27 – 55% DRP 
removal. However, P removal structures are not currently included as a BMP in any of the 
twelve Task Force states’ nutrient reduction strategies [12,16,35]. Along with the benefit of 
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providing a management tool that targets DRP losses, PSM also allow for the reuse of material 
that would otherwise be discarded. Phosphorus-sorbing materials used in P removal structures 
are industrial by-products or waste materials [36] and readily available across the Mississippi 
River Basin [37-39], offering a low-cost to source. Candidate PSM have been evaluated typically 
based on their high concentrations of total Ca (< 1 – 38.6%), Mg (< 1 – 9.1%), Fe (< 1 – 50.9%), 
and Al (< 1 – 10.5%) [37-39]. Common PSM candidates include fly ash [40,41], gypsum [42,43], 
drinking water treatment residuals [44,45], zeolite [41,46], acid mine drainage treatment residuals 
(AMDR) [47,48], and steel slag (SS) [20,49]. However, AMDR and SS generally have the highest 
DRP removal potential [47,50]. 
An ideal PSM maximizes DRP removal and saturated hydraulic conductivity (Ksat). 
Hydraulic conductivity strongly tracks with particle size distribution and determines the 
maximum transmission rate of water through the PSM matrix. As DRP exports are highest 
during and directly after rain events [5], it is important that a P removal structure is effective 
during high water flow. Small particle size diameter (< 2 mm) generally entails a low Ksat and 
thus transmission rate. If the rate of transmission is slower than the rate of inflow, the P-loaded 
water will bypass the P removal structure. In contrast, a high Ksat allows percolation of water and 
DRP removal during a storm event. Decreasing particle size generally entails greater surface area 
and thus a greater P sorption capacity, albeit at a cost of lower Ksat [51,52].  Previous studies 
generally evaluated either the smallest (< 2 mm) to identify maximum P removal [38,47] or a 
large (> 6.3 mm) particle size fraction to prevent clogging in P removal structures [49,50,53]. 
However, these studies have not evaluated the relationship between DRP removal and particle 
size fractions of PSM [38,50,54]. 
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Two properties of PSM that interact to determine DRP removal are particle size 
distribution and composition. DRP removal is inversely related to particle size diameter due to 
the availability of surface binding sites [52,55]. Dissolved reactive P removal is impacted by the 
variation in PSM particle size distribution, but concurrent shifts in metal cation concentrations 
could also contribute to DRP removal. Two types of PSM are commonly conceptualized based 
on metal cation composition and thus expected DRP removal mechanisms: (1) Ca- and/or Mg-
rich PSMs such as SS, and (2) Fe- and/or Al-rich PSMs such as AMDR [38]. Dissolved reactive 
P precipitates with Ca and Mg at pH > 7 or is sorbed by Fe and Al at pH < 6.5 [56]. 
Characterizations of PSM generally entail a combination of total Fe, Al, Ca, and Mg; water-
soluble (WS) Ca and Mg; ammonium-oxalate (AO) Fe and Al; or citrate-bicarbonate-dithionite 
(CBD) Fe and Al concentrations (e.g. [37,39,47]). However, total concentrations are not 
necessarily indicative of the reactive pools, the readily soluble concentrations of the metal cation 
(WS, AO), that react with phosphate in solution. Reactive pools better predict DRP removal 
[36,57,58]. To complement measurements of total and reactive metal cation pools thought to 
explain and predict PSM removal of DRP, Fourier transform infrared spectroscopy (FTIR) offers 
characterization of PSM functional group composition. Fourier transform infrared spectroscopy 
measures the relative abundance of polar bonds and thus functional groups of mineralogical 
constituents of PSM, as well as metal-P bonds that are expected to form during PSM removal of 
DRP. The proposed compositional differences in AMDR and SS and mechanisms of P removal 
can therefore be characterized by FTIR spectroscopy. 
 Sequential chemical fractionation of P can be used to test hypothesized removal of DRP 
by PSM type according to metal cation composition. Sequentially extracted P fractions can be 
interpreted to approximate P pools based on solubility-based extraction of discrete compounds of 
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Al, Fe, and Ca [59]. A commonly employed fractionation of inorganic P is that of Chang and 
Jackson [60] as modified by Zhang and Kovar [59], which separates P into five fractions: NH4Cl-
P (soluble and loosely bound P), NH4F-P (Al-P), NaOH-P (Fe-P), Na3C6H5O7, NaHCO3, Na2S2-
O4 or CBD-P) (reductant-soluble P), or H2SO4-P (Ca-P) [59]. Steel slag would be expected to 
recover DRP as NH4Cl-P and H2SO4-P, whereas AMDR should recover DRP as NH4Cl-P, 
NH4F-P, and NaOH-P. Previous studies have conducted sequential fractionation of PSM 
following P saturation, but did not evaluate P already present (i.e., inherent P) or how P binding 
may change with different P concentrations [38,61]. Determining P extracted from P-untreated 
PSM is necessary as a background to accurately determine how much of an added amount of P is 
recovered in a given fraction. Sequentially extracted P fractions (mg P kg-1 PSM) can be 
evaluated based on metal cations and/or degree of crystallinity to identify the fate of DRP 
removed. Additionally, comparing P removal fate inferred by sequential fractionation with 
independently determined measures of PSM metal cation concentrations (e.g., total, WS, AO, 
CBD) can be used to test to what extent metal cation concentrations are an accurate predictor of 
DRP removal in PSM. Phosphorus pools proxied by sequentially extracted P fractions 
approximately can correspond to the metal cations thought to be responsible for PSM removal of 
DRP. For example, NaOH-P is interpreted as Fe-P which would correspond with the metal cation 
composition of Feao because it is interpretable as a reactive pool of Fe.  
This study examined how physical and chemical traits of PSM changed among PSM type, 
source, and particle size fractions. The first objective was to test the hypothesized tradeoff 
between DRP removal and Ksat by PSM type, source, and particle size fractions to identify the 
relative importance of these in maximizing Ksat and P removal. We hypothesized PSM type to 
have a greater role than source or particle size fractions, and larger (> 4 mm) particle size 
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fractions to maximize the tradeoff. The second objective was to determine the extent to which 
PSM composition (total, WS, AO, CBD concentrations, functional group chemistry) differed 
among PSM type, source, and particle size fractions. We hypothesized the greatest difference in 
metal cation concentration between SS and AMDR, then between the smallest and largest 
particle size fraction for a given PSM, and the least difference by source. The third objective was 
to determine to what extent and which metal cation reactive pools (WS, AO, and CBD) drive 
DRP removal by PSM as assessed by sequential fractionation. We hypothesized that Caws, Mgws 
would be associated with NH4Cl-P and H2SO4-P and would best explain DRP removal across SS 
sources and particle size fractions. In contrast, we hypothesized that Feao, Alao, Fecbd, and Alcbd 
would be associated with NH4Cl-P, Al-P, Fe-P, and CBD-P and would best explain DRP 
removal across AMDR sources and particle sizes. 
1.2 Materials and Methods 
1.2.1 Filter Media and General Characterization 
This study examined two sources of SS and two sources of AMDR, two common PSM with 
demonstrated potential for P sorption [39,41,62]. Steel slag is a granular Ca-rich by-product of steel 
production with metal cation concentrations reported to range 21.7 – 38.6% Ca, < 1 – 9.1% Mg, < 
1 – 24.3% Fe, < 1 – 8.5% Al and 6.4 – 18.8% Si [38,54,61,63,64]. Steel slag can have a high P-
sorption capacity (160 – 44,250 mg P kg-1 PSM) and can be rejuvenated with an aluminum sulfate 
solution to precipitate Al hydroxide minerals [49] to extend the lifespan of the P removal structures 
[37,39,65]. Steel slag was obtained from two sources, TMS International Corporation in Parkhill, 
PA (SS1) and the US Steel Corporation in Granite City, IL (SS2). Acid mine drainage treatment 
residuals (AMDR) are the product of processing mine drainage waste. This acidic waste (pH < 4) 
[66] is typically neutralized (to pH ~7) with alkaline materials such as calcium carbonate, which 
results in metal hydroxide precipitation [37,47]. Neutralization is done to improve the water quality 
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of surrounding streams by reducing the pollution of toxic metals and sulfates with mine drainage 
[67]. Acid mine drainage residuals used in this study are a fine (< 2 mm diameter) material with 
varying composition depending on the source from < 1-30.1% Ca, < 1-3.8% Mg, 8.4-50.9% Fe, < 
1-10.5% Al, and 1.8-20.9% Si [20,38,47,48]. Acid mine drainage residuals can have high P-sorption 
capacity (1,820 – 157,000 mg P kg-1 AMDR), higher than SS [37,47]. The two AMDRs tested were 
sourced from the Pennsylvania EPA (AMDR1) and the Blue Valley Mine Drainage Treatment and 
Fish Culture Station in Brandy Camp, PA (AMDR2).  
1.2.2 Particle Size Determination 
Particle size fractions of PSM were quantified by dry sieving and hydrometer [68]. An 
oven-dry equivalent of 400 g ± 5 g of sample was dry sieved through a set of 10, 8, 6.3, 4, and 2 
mm sieves. The mass of each particle size fraction was determined to calculate PSM particle size 
distribution. The particle size fraction < 2 mm was further separated into < 0.002 mm, 0.002 –
0.05 mm, and 0.05 – 2 mm fractions by hydrometer. Briefly, 40.00 g ± 0.05 g of oven-dry < 2 
mm PSM was shaken for 16 h at 120 rev min-1 in 100 mL 5% (m/v) sodium hexametaphosphate 
solution to disperse particles [69]. The suspension was brought to a final volume of 1.000 L with 
18.2Ω·cm water at 25 °C. A control was also made for temperature and solution viscosity 
corrections consisting of 100 mL 5% (m/v) sodium hexametaphosphate solution brought to the 
same volume as the samples, thoroughly mixed by inverting the cylinder three times. A 
hydrometer was used to measure the settling rates of particles in suspension at 40 sec and 6 h to 
estimate 0.05 – 2 mm and < 0.002 mm diameter particle sizes respectively. The particle size 
fractions were divided into six fractions of < 2 mm (PSM<2), 2-4 mm (PSM2-4), 4-6.3 mm (PSM4-
6.3), 6.3-8 mm (PSM6.3-8), 8-10 (PSM8-10) mm, and bulk (PSMbulk) which is a non-sieved, bulk 
sample containing all particle size fractions. If there is only one particle size fraction for the 
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PSM, then no subscript was used. When comparisons are made between the PSM types and SS 
sources, SSbulk was used.  
1.2.3 pH 
The pH of all PSM particle size fractions was measured with a 1:1 PSM mass to 
18.2Ω·cm water volume ratio [70]. They were equilibrated for 30 min with two stirrings and 
allowed to settle for an additional 10 min. The pH was measured after equilibration of 24 h in the 
batch sorption isotherm extracts. 
1.2.4 Batch sorption isotherms 
 Phosphorus removal of all PSM particle size fractions was determined via batch sorption 
isotherm experiments. For consistency with previous evaluations of PSM [61,71], a solid to 
solution ratio of 1:20 using 1.50 ± 0.05 g air-dry mass of PSM to 30 mL of a gradient 
concentration of PO4
3--P L-1 was selected. This ratio was also chosen because a lower ratio 
requires a longer equilibration time, potentially introducing discrepancies between P removal 
determined by batch isotherms of PSM versus field-scale P removal structures [39].  
The equilibration time for batch sorption tests was first established by conducting batch 
sorption at varying shaking intensities of 100, 200 and 250 rev min-1 with an initial DRP 
concentration of 20 mg PO4
3--P  L-1 as potassium monophosphate in an 18.2Ω·cm water 
background. Supernatant was sampled at 4, 8, 12, 24, 36, and 48 h by centrifugation and 
filtration (0.45 μm cellulose filter). The supernatant was analyzed for molybdate-reactive P 
(MRP) by colorimetry [72]. The equilibration time for 20 mg P L-1 was 48 h at 100 rev min-1, 24 
h at 200 rev min-1, and 20 h at 250 rev min-1. Multiple evaluations of steel slag have identified a 
24 h equilibration time for batch isotherms [20,36,38]. An oscillation frequency of 200 rev min-1 
was selected because it resulted in similar DRP removal as for 100 rev min-1, but at a shorter 
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duration. Additionally, there was no visual evidence of particle slaking at 200 rev min-1, but there 
was for 250 rev min-1 which could lead to an overestimation of P removal by increasing the 
availability of metal cations for sorption (Fe, Al) or precipitation (Ca, Mg).  
Batch sorption tests were then conducted in quadruplicate using an initial DRP 
concentration of 0, 100, 200, 400, 600, 800, and 1000 mg kg-1 (0 – 50 mg L-1) as potassium 
monophosphate in 18.2 MΩ·cm water. At the end of equilibration, the supernatant was 
immediately filtered (0.45 µm cellulosic filter), DRP was quantified as MRP by colorimetry [72] 
to calculate the filtrate final concentration of P (mg kg-1). With the initial DRP concentration 
added and the final DRP concentration remaining in the filtrate known, the percent DRP removal 
was calculated: 
Percent DRP removed: ( 
𝐷𝑅𝑃 𝑎𝑑𝑑𝑒𝑑 −𝐹𝑖𝑛𝑎𝑙 𝐷𝑅𝑃 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
𝐷𝑅𝑃 𝑎𝑑𝑑𝑒𝑑
) ∗ 100                    (1) 
 
1.2.5 Saturated hydraulic conductivity 
A constant head tank (65 cm) was constructed to supply water to a PSM-packed column 
(26 cm length; 5.1 cm diameter). The outflow from the column was collected in a graduated 
cylinder over 15 sec. The Ksat was determined using Darcy’s law: 
𝐾𝑠𝑎𝑡 =  
𝑄
𝑖𝐴
      (2) 
where Ksat is the saturated hydraulic conductivity (cm s
-1), Q is the discharge (cm3 s-1), i is the 
hydraulic gradient (cm cm-1), which is the change in head over the length of the packed PSM in 
the column, and A is the cross-sectional area (cm2) of the column. The values for A and i 
remained constant for all materials. 
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1.2.6 Total metal cation analysis 
 Total Fe (Fetot), Mg (Mgtot), and Ca (Catot) concentrations of all PSM particle size 
fractions were determined according to the U.S. Environmental Protection Agency (USEPA) 
method 3050B [73] using inductively coupled plasma mass spectrometry. Total Al was not 
measured due to detection issues with ICP-MS. In brief, 1.0 g oven-dry weight was digested at 
95°C ± 5°C with 15 mL concentrated nitric acid and 2 mL 30% hydrogen peroxide, and the 
digestate as analyzed for Fe, Mg, and Ca.  
1.2.7 Reactive Fe and Al  
Ammonium oxalate extractable Fe (Feao) and Al (Alao) were determined for PSM particle 
size fractions as a metric of amorphous Fe and Al oxides known to have high P sorption 
capacity. To determine Feao and Alao, 0.2 M 30 mL ammonium oxalate solution (pH 3.0) was 
added to an oven-dry equivalent of 0.50 g ± 0.05 g PSM, wrapped with aluminum foil and 
shaken horizontally for 2 h, centrifuged at 3724 g for 15 min, and filtered using 0.45 µm 
cellulosic filter paper [74]. The filtrate was analyzed for Fe and Al via ICP-MS.  
The CBD extraction was sequentially performed on the residual PSM following the 
ammonium-oxalate extraction, it represents crystalline Fe and Al oxides. The CBD extractable 
Fe (Fecbd) and Al (Alcbd) were determined for PSM particle size fractions. The CBD extraction 
was performed by combining 0.5 g Na2S2O4 and 6.0 g Na3C6H5O7 with the residual PSM 
following ammonium oxalate extraction and with 30 mL DI water. The mixture was shaken for 
16 h at 120 rev min-1, centrifuged at 3724 g for 15 min, and filtered using a 0.45 µm cellulosic 
filter paper [74]. Filtrate Fe and Al concentrations were quantified by ICP-MS. 
11 
 
1.2.8 Reactive Ca and Mg  
To determine water-soluble Ca (Caws) and Mg (Mgws), 20 mL 1 M NH4OAc, pH 7.0, 
extracting solution was added to 2.0 g PSM and shaken for 30 min at 200 rev min-1 on a 
reciprocating shaker. The extract was filtered through 0.45 µm cellulosic filter paper and 
concentrations of Ca and Mg in the filtrate were quantified via ICP-MS. 
1.2.9 Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy  
Fourier transform infrared spectroscopy was used to determine relative abundance of 
polar bonds relevant to PSM mode of action, including P and the metal cation binding partners 
thought to operate in removal of P by PSMs. Two regions of the infrared spectrum were used: 
mid-infrared (MIR) and far-infrared (FIR). A portion of the spectrum overlaps between the MIR 
and FIR, but both offer a range of the infrared spectrum that the other does not. The MIR allows 
for evaluation of higher wavenumbers (> 1800 cm-1), while the FIR allows for evaluation of 
lower wavenumbers (< 400 cm-1).  
 For each PSM (bulk and fractions), a DRP-untreated and DRP-treated sample were 
analyzed by FTIR. The DRP-treated sampled was obtained by equilibrating 1.50 ± 0.05 g of 
PSM with a solution of potassium monophosphate equivalent to 1000 mg P kg-1 PSM (24 h), 
following the methods of the batch sorption isotherms. Spectra were collected on a subsample of 
< 2 mm ground, air-dry PSM used for the sequential fractionation. Spectra were collected on a 
Nicolet iS50 spectrometer with a deuterated triglycine sulfate (DTGS), single-bounce attenuated 
total reflectance (ATR) (ThermoFisher, Madison, WI) across the mid-infrared (MIR) region of 
4000 – 400 cm-1. Spectra were also collected in the partial MIR and far-infrared (FIR) region of 
1800 – 100 cm-1 using the same approach as MIR to capture the full range of functional groups 
present in the PSM. A total of 128 co-added scans were collected to produce one spectrum. Each 
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PSM sample was scanned and the three replicates for the specific PSM were averaged and 
produced one spectrum per sample. Spectral subtractions were used in order to enhance features 
in the phosphate absorbance band (800-1300 cm-1 [75]) in DRP-treated PSM. Spectral 
subtractions were done by subtracting the average DRP-untreated spectrum the average DRP-
treated spectrum to produce one spectrum for each PSM. Some limitations of subtraction include 
peak convolution, inconsistencies in the fineness of the < 2 mm, and low absorbance with low 
concentrations of elements [76]. 
 Spectra were interpreted based on the characteristic vibrational frequencies (cm-1) of 
minerals previously identified for AMDR and SS. Minerals commonly present in SS include 
portlandite [37,77,78], dicalcium silicate [79-84], tricalcium silicate [79-85], dicalcium ferrite 
[79,82,83], lime [79,80,83,86], periclase [77,79,83,87], and merwinite [77,81,85,87]. Minerals commonly 
present in AMDR include calcite [38,88,89], goethite [37], brucite [88,89], and hematite [37,90]. FTIR 
spectra of these minerals were used to interpret PSM spectral features.  
1.2.10 Sequential Fractionation for Al-, Fe-, and Ca-P 
 PSM were equilibrated with 100 mg DRP kg-1 or 1000 mg DRP kg-1 for 24 h. The 
supernatant was filtered through 0.45 µm cellulosic filter paper and then the remaining PSM 
were air-dried and ground to < 2 mm. The Chang and Jackson [60] sequential fractionation as 
modified by Zhang and Kovar [59] was used to estimate 1) NH4Cl-P (soluble and loosely bound 
P), 2) NH4F-P (Al-P), 3) NaOH-P (Fe-P), 4) Na3C6H5O7, NaHCO3, Na2S2O4 or CBD-P) 
(reductant-soluble P),  and 5) H2SO4-P (Ca-P). The two P treatments, +100 and 1000 mg kg
-1, 
underwent sequential fractionation, as well as a no P added control (i.e., inherent P). First, 0.4 g 
air-dried and ground PSM were extracted in 20 mL 1 M NH4Cl for 30 min, centrifuged, and 
decanted. Twenty mL 0.5 M NH4F were added to the residuals, shaken for 1 h, centrifuged, 
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decanted, and washed twice with 10 mL 6.8M NaCl that was combined with the extract. Then, 
20 mL 0.1 M NaOH was added to the residuals, shaken for 17 h, centrifuged, decanted, and 
washed twice with 10 mL 6.8 M NaCl that was combined with the extract. Next, 10 mL 0.3M 
Na3C6H5O7and 2 mL 1 M NaHCO3 were added to the residuals and heated for 15 min at 85°C. 
Next, 0.4 g Na2S2O4 was added with rapid stirring to mix and heated at 85°C for another 15 min. 
The samples were then centrifuged, decanted, and washed twice with 10 mL 6.8 M NaCl that 
was combined with the extract. Finally, 20 mL 0.25 M H2SO4 were added to the residuals, 
shaken for 1 h, centrifuged, decanted, and the residuals washed twice with 10 mL 6.8 M NaCl 
that was combined with the extract. The P in the extracts was quantified via ICP-MS.   
The NH4Cl-P was interpreted as soluble and loosely bound P and the metal cation 
responsible could be Fe, Al, Ca, or Mg (total and/or water-soluble). The NH4F-P was interpreted 
as Al-P, corresponding to the metal cation composition of Alao , the reactive pool of Al. NaOH-P 
was interpreted as Fe-P, corresponding to Feao. The CBD-P was interpreted as reductant-soluble 
P or occluded P, corresponding to Fecbd and Alcbd. The H2SO4-P was interpreted as Ca-P, 
corresponding to the insoluble Catot and Mgtot as these are the metal cation related pools, 
including Mg as there is not a fraction that is interpreted specifically for Mg.  
Phosphorus recovery was determined as a percent of the DRP added. Phosphorus 
recovery was calculated as:  
𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑 𝑃−𝐼𝑛ℎ𝑒𝑟𝑒𝑛𝑡 𝑃
𝐷𝑅𝑃 𝑎𝑑𝑑𝑒𝑑
 * 100                                                       (3) 
where extracted P is the concentration of DRP removed as a particular fraction, inherent P is the 
extractable P from the PSM (+0 mg kg-1), and DRP added is either +100 or 1000 mg kg-1. The P 
recovery was determined both by the fraction and the sum of fractions and for both +100 and 
1000 mg kg-1. 
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1.2.11 Total P 
Every PSM particle size fraction was evaluated to determine the total P within the PSM 
(i.e., total inherent P) by digesting 0.25 g air-dried PSM ground to < 2 mm diameter in 2 mL 
glacial HNO3 at room temperature for 16 h. The mixture was then heated to 100°C for 1 h. Next, 
an additional 2 mL glacial HNO3 was added and the mixture was digested for 2 h at 100°C. 
Digestates were allowed to cool for 30 min before adding 0.125 mL H2O2. The samples were 
vortexed to homogenize and heated for an additional 30 min. Once more, digestates were cooled 
for 30 min, 0.125 mL H2O2 was added, samples were vortexed to homogenize, and then heated 
for 30 min. Finally, the digestates were cooled again for 30 min, 0.25 mL H2O2 was added and 
digested for 1 h. The digestates were cooled and diluted to 10 mL with 18.2Ω·cm water. A 1 mL 
aliquot was diluted 5-fold with 18.2Ω·cm water and colorimetrically analyzed for total P as 
MRP.   
1.2.12 Statistical Analyses 
Analyses were performed using SAS v9.4 (Cary Institute, NC). Response variables were 
evaluated for the assumptions of normality of residuals and homogeneity of variances. Mean 
differences between particle size fractions of the same PSM and among particle size fractions of 
different PSM were evaluated using Tukey’s test with significance at p ≤ 0.05. This was done for 
Ksat, Fetot, Catot, Mgtot, Caws, Mgws, Feao, Alao, Fecbd, and Alcbd. For the PSMbulk comparisons, Alcbd 
was log-transformed to achieve normality before evaluation using Tukey’s test. 
Mean differences for each fraction of the sequential fractionation for +0, 100, and 1000 
mg kg-1 within each particle size fraction and across particle size fractions for either +0, 100, or 
1000 mg kg-1 were evaluated using Tukey’s test with significance at p ≤ 0.05. For NH4Cl-P, both 
AMDR2 and SS14-6.3 were log-transformed to achieve normality within the PSM to evaluate 
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DRP treatments of +0, 100 and 1000 mg kg-1 using Tukey’s test with significance at p ≤ 0.05 . 
Welch’s ANOVA (non-homogenous) was used for the NH4Cl fraction of SS2 for +0 and 1000 
mg kg-1 comparisons across all particle size fractions to test significance of mean differences. 
For NH4F-P, SS1 particle size fractions for +1000 mg kg
-1 were log-transformed to achieve 
normality. For H2SO4-P, SS24-6.3 required a non-parametric test (Kruskal-Wallis) for mean 
difference comparisons within the particle size fraction for +0, 100, and 1000 mg kg-1. 
1.3 Results 
1.3.1 Particle Size Determination 
The AMDR was finer than SSbulk. Both AMDR samples consisted only of < 2 mm diameter 
particles whereas SS had up to five particle size fractions, depending on the source. While 
AMDR1<0.002 was 9-fold higher than AMDR2<0.002, AMDR20.05-2 was nearly 8-fold higher than 
AMDR1 (Figure 1). Though SS2 had a greater distribution across particle size diameters than 
SS1, the < 2 mm fraction was a similar proportion for both SS. The proportion of SS2<0.002 was 
more than double that of SS1<0.002 but both fractions constituted a relatively minor component of 
particle size distribution. Steel slag 10.05-2 was greater than SS20.05-2 (9.1% vs. 8.5%). Steel slag 1 
particle size distribution was dominated by the 2 – 4 mm (48%) and 4 – 6.3 mm (42%) particle 
size fractions. Steel slag 2 particle size distribution included 6.3 – 8 mm (29%) as well 8 – 10 
mm (17%) that was not present in SS1. 
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Figure 1. Cumulative total of particle size fraction distribution by mass for steel slag 1 
(SS1), steel slag 2 (SS2), acid mine drainage residuals 1 (AMDR1), and acid mine drainage 
residuals 2 (AMDR2). The particle size fractions were measured by dry sieving (10 - 2 mm) 
and hydrometer (< 2 mm).  
 
1.3.2 pH 
 Steel slag were strongly alkaline (pH > 9.0) whereas AMDR were slightly acidic to 
slightly alkaline (6.3-7.9) (Table 1). The mean pH of AMDR1 (7.9) was over one unit higher 
than AMDR2 (6.3). The mean pH of SS2bulk was two units higher than SS1bulk (11.2 vs 9.3). SS1 
particle size fractions exhibited similar pH, except for SS12-4 that had a slightly lower pH (10.8). 
The pH of SS2 particle size fractions were overall similar, with the exception of a higher pH for 
SS2<2 (12.8).  
The pH after equilibration of 24 h in batch isotherms increased or decreased as the initial 
DRP concentration (0-1000 mg P kg-1 PSM) increased. Compared to the pH of the material 
itself, the pH of AMDR1 (+0 mg kg-1) dropped from 3.8 units after equilibration and increased 
1.5 units for AMDR2 (+0 mg kg-1). For all SS1 particle size fractions, pH decreased up to 1.6 








































the pH following batch sorption was similar across all DRP concentration treatments. The SS28-10 
decreased 3 units from the +0 mg kg-1 to +1000 mg kg-1.  
1.3.3 Batch Sorption Isotherms 
 Dissolve reactive P removal by AMDR and SSbulk was greater than 99% at +100 mg kg
-1 
(Table 2). Acid mine drainage residuals DRP removal was greater than SSbulk at higher initial 
DRP concentrations. Source influenced P removal for SSbulk, but not AMDR, which had > 99% P 
removal across all initial DRP concentrations. The SS2bulk had greater P removal than SS1bulk 
across all DRP concentrations and particle size fractions.  
As SS particle size fraction increased, DRP removal decreased. All PSM had > 90% 
removal at the initial DRP concentration of +100 mg kg-1. Phosphorus removal decreased to       
< 90% at +1000 mg kg-1 by SS1<2
 , +600 mg kg-1 by SS12-4, and +400 mg kg
-1 by SS14-6.3. The 
SS14-6.3 had the lowest DRP removal rate (58%) at +1000 mg kg
-1. Steel slag 2 fractions < 6.3 
mm removed more than 90% of P. Both SS26.3-8 and SS28-10 removed > 90% up to +400 and 200 













Table 1                                               
The pH of steel slag 1 (SS1), steel slag 2 (SS2), acid mine drainage residuals 1 (AMDR1), acid mine drainage residuals 2 (AMDR2) after a 1:1 
protocol and after the batch isotherm equilibration with a gradient of initial dissolved reactive phosphorus concentrations.  
  1:1   Post-equilibration isotherm pH 
        
+0  
mg kg-1   
+100       
mg kg-1   
+200      
 mg kg-1   
+400      
 mg kg-1   
+600       
mg kg-1   
+800       
mg kg-1   
+1000      
mg kg-1 
  mean se   mean se   mean se   mean se   mean se   mean se   mean se   mean se 
SS1 <2 11.1 0.08   11.2 0.07   10.8 0.07   10.8 0.07   10.2 0.11   10.1 0.15   9.7 0.08   9.6 0.10 
SS1 2-4 10.8 0.01   10.3 0.18   10.6 0.16   10.3 0.18   9.9 0.23   9.1 0.32   9.2 0.35   8.8 0.14 
SS1 4-6.3 11.5 0.01   11.2 0.07   10.8 0.07   10.8 0.07   10.2 0.11   10.1 0.15   9.7 0.08   9.6 0.10 
SS1 Bulk 9.3 0.06   11.4 0.05   11.3 0.06   11.2 0.07   11.0 0.06   10.6 0.18   10.5 0.06   10.0 0.13 
SS2 <2 12.8 0.01   12.8 0.04   12.8 0.07   12.9 0.04   12.9 0.03   12.9 0.02   12.8 0.02   12.7 0.02 
SS2 2-4 12.0 0.04   12.6 0.03   12.6 0.05   12.4 0.07   12.5 0.05   12.5 0.08   12.5 0.08   12.4 0.04 
SS2 4-6.3 12.1 0.07   11.8 0.13   11.8 0.09   11.7 0.07   11.9 0.12   11.8 0.10   11.7 0.06   11.8 0.10 
SS2 6.3-8 12.1 0.05   11.3 0.13   10.9 0.28   11.0 0.15   11.0 0.28   9.3 0.78   9.9 0.77   10.9 0.22 
SS2 8-10 12.0 0.05   11.0 0.10   10.5 0.63   10.4 0.35   10.5 0.74   9.5 0.73   8.1 0.16   8.0 0.03 
SS2 Bulk 11.2 0.04   12.1 0.16   11.8 0.22   12.0 0.23   11.6 0.40   11.7 0.18   11.7 0.10   11.2 0.28 
AMDR1 7.9 0.01   4.1 0.03   4.0 0.04   4.1 0.03   4.2 0.13   4.1 0.03   4.2 0.05   4.1 0.02 
AMDR2 6.3 0.01   7.8 0.02   7.8 0.01   7.9 0.02   7.9 0.03   8.0 0.02   8.0 0.02   8.0 0.03 
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Table 2                                   
The dissolved reactive phosphorus (DRP) removal (%) for the gradient of initial DRP concentrations for steel slag 1 (SS1), steel 
slag 2 (SS2), acid mine drainage residuals 1 (AMDR1), and acid mine drainage residuals 2 (AMDR2).  
  +100 mg kg-1   +200 mg kg-1   +400 mg kg-1   +600 mg kg-1   +800 mg kg-1   +1000 mg kg-1 
  mean se   mean se   mean se   mean se   mean se   mean se 
SS1 <2 99.53 0.07   99.12 0.18   98.48 0.22   93.43 1.52   89.58 3.19   84.32 1.94 
SS1 2-4 98.86 0.66   98.58 0.86   92.90 3.22   75.74 5.22   78.91 3.94   63.60 1.94 
SS1 4-6.3 97.29 1.45   91.60 4.59   81.89 5.17   65.88 2.94   59.17 6.01   58.02 5.13 
SS1 Bulk 99.70 0.07   99.82 0.05   99.73 0.10   93.78 3.97   87.99 1.61   69.80 4.46 
SS2 <2 99.96 0.04   99.93 0.03   99.98 0.01   99.99 0.01   99.94 0.06   99.99 0.04 
SS2 2-4 99.89 0.11   100.00 0.00   100.00 0.00   100.00 0.00   100.00 0.01   100.00 0.00 
SS2 4-6.3 99.86 0.12   99.97 0.01   99.97 0.02   99.99 0.00   99.97 0.02   100.00 0.00 
SS2 6.3-8 99.67 0.16   99.50 0.27   99.82 0.11   68.48 18.57   78.24 12.54   99.94 0.25 
SS2 8-10 94.36 4.70   98.79 0.39   82.84 9.97   82.73 9.87   52.98 14.03   37.79 2.20 
SS2 Bulk 99.82 0.14   99.89 0.04   95.45 4.52   99.93 0.02   99.97 0.02   75.15 24.65 
AMDR1 99.93 0.07   100.00 0.00   99.99 0.01   100.00 0.00   100.00 0.00   99.99 0.00 
AMDR2 100.00 0.02   100.00 0.01   100.00 0.00   100.00 0.01   100.00 0.00   99.99 0.00 
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1.3.4 Hydraulic Conductivity (Ksat) 
The Ksat of SSbulk was higher than AMDR (Table 3). The Ksat of SSbulk was 3,120% 
greater than that of AMDR. The Ksat was 72% lower for AMDR2 than AMDR1. Ksat was 13% 
higher for SS2bulk than SS1bulk. Steel slag 2 particle size fractions 2 – 4 mm and 4 – 6.3 mm had a 
higher Ksat than SS1 of the same particle size fractions, but SS1 had a higher Ksat for the < 2 mm 
and bulk particle size fractions. The particle size fractions for SS1 had similar Ksat values. The 
Ksat values for SS2<2 and SS2bulk were significantly lower than the other SS2 particle size 
fractions.  
Table 3     
The saturated hydraulic conductivity of steel slag 1 (SS1), steel slag 2 (SS2), acid mine 
drainage residuals 1 (AMDR1), and acid mine drainage residuals 2 (AMDR2). Uppercase 
letter marks significant difference (p ≤ 0.05) for particle size fractions across PSM types and 





  mean   se                
SS1 <2 0.16   0.06 aA              
SS1 2-4 0.14   0.05 aB              
SS1 4-6.3 0.13   0.05 aB              
SS1 Bulk 0.12   0.04 aA              
SS2 <2 0.02   0.01 bB              
SS2 2-4 0.23   0.08 aA              
SS2 4-6.3 0.22   0.07 aA              
SS2 6.3-8 0.22   0.07 a              
SS2 8-10 0.26   0.09 a              
SS2 Bulk 0.03   0.00 bB              
AMDR1 0.00   0.00 C              






1.3.5 Metal Cation  
 There was a marked difference in total (Table 4), WS, AO, and CBD (Table 4 and 5) 
concentrations between the two different types of PSM, SSbulk and AMDR. Total Fe was 5-fold 
greater on average, in AMDR than SSbulk, whereas Mgtot was 64-fold, and Catot was 6-fold 
greater in SSbulk. The Caws and Mgws were 1.6- and 1.8-fold higher in SSbulk than AMDR. Though 
the water-soluble proportion of Catot was similar between AMDR and SSbulk (54.6% and 55.8%, 
respectively), AMDR had a greater proportion of Mgtot in water soluble form (7.5% vs. 0.2%). 
The Alao and Alcbd were higher (15-fold and 5-fold) in SSbulk than AMDR, whereas in AMDR 
Feao and Fecbd were 2-fold and 9-fold higher. Though Feao was 2-fold higher in AMDR than 
SSbulk, the ammonium-oxalate extractable fraction of Fetot was 3-fold higher in SSbulk.  
The total, WS, AO, and CBD metal cation differences varied more between AMDR 
sources than SS sources. Total Fe of AMDR1 and AMDR2 differed by approximately 2%, while 
AMDR2 had 2811% greater Catot and 260% greater Mgtot. Although Caws was greater in 
AMDR2, the proportion of Catot and Mgtot that was water-soluble was only 19.5% and 3.5%, 
respectively compared to 89.7% and 11.4% in AMDR1. Both Feao and Alao were greater in 
AMDR2 than AMDR1 by 1651% and 1273%. Acid mine drainage residuals 2 had greater Fecbd 
by 147%, while AMDR1 had 1007% greater Alcbd. The SS2bulk had 130% greater Catot than 
SS1bulk. Both Mgtot and Fetot were greater in SS1bulk than SS2bulk by 134% and 233%. Although 
Caws was greater in SS2bulk, the proportion of Catot that was water-soluble was negligible (< 
0.1%) and similar to that of SS1bulk. Similarly, Mgws of SS1bulk was greater than SS2bulk, but the 
proportion of Mgtot for both were negligible (0.002%). Both Feao and Fecbd was higher in SS1bulk 
(273% and 362%), but as a proportion of Fetot, SS1bulk and SS2bulk were similar with 50% vs. 
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42% as Feao and 10% vs 7% as Fecbd. For Alao, SS2bulk was 154% higher than SS1bulk. The Mgcbd 
for SS1 and SS2 bulk constituted a small proportion of Mgtot (< 1%) .  
The extent of the variation between the smallest and largest particle size fraction for a 
given PSM depended greatly on the metal cation. With increasing particle size diameter of SS1 
(< 2 to 4-6.3 mm), Catot and Mgtot decreased by 16.5% and 13.4% with larger decreases in the 
water-soluble fraction of 47% (Caws) and 55% (Mgws). Opposite to Catot and Mgtot, Fetot 
increased with SS1 particle size fraction by 118% and 221%. The Feao increased with decreasing 
particle size fraction by up to 137% whereas Alao exhibited a minor decrease of 12.7%. There 
was not a clear trend for the particle size fractions of SS1 for Fecbd and Alcbd. As the particle size 
fractions for SS2 increased, Mgtot and Caws decreased by 22% and 78% respectively from SS2<2 
to SS28-10. Water-soluble Mg decreased by 28% from SS2<2 to SS26.3-8, then increased by 34% 
from SS26.3-8 to SS28-10. Both Altot and Alao increased with particle size fraction by 440% and 
156% from SS2<2 to SS28-10. The Alcbd was similar across all SS2 particle size fractions except 
for SS24-6.3, which is 8.3-fold greater than the other particle size fractions. Total Fe was > 90% 
less for SS28-10 than the other SS2 particle size fractions which were similar. There was not a 
clear trend between SS2 particle size fractions Feao. The Fecbd was similar for SS2 particle size 





Table 4                         
The metal cation composition consisting of total Ca, total Mg, total Fe for steel slag 1 
(SS1) and 2 (SS1) and acid mine drainage residuals 1 (AMDR1) and 2 (AMDR2) to test 
the effects of source, type, and particle size fractions. Uppercase letter marks significant 
difference (p ≤ 0.05) across PSM with the same particle size fraction. Lowercase letter 







  Particle 
Size 
Fraction 
Total (%)  
  Ca    Mg    Fe   




 < 2 mm 14.5 0.5 aB   6.7 0.3 aA   35.5 1.3 bB 
 
2 - 4 mm 13.3 0.1 abB   6.3 0.2 abA   37.8 0.3 aA  
4 - 6.3 mm 12.1 0.9 bB   5.8 0.2 bA   42.1 0.8 aA  
  Bulk 14 0.8 aB   6.6 0.30 aA   17.7 0.4 cC  





< 2 mm 17.6 0.8 bA   6.3 0.2 aA   43.5 2.3 aA  
2 - 4 mm 19.9 0.4 bA   5.9 0.1 bcA   42.9 2.60 aA  
4 - 6.3 mm 20.5 1.6 bA   5.5 0.5 bcA   48.8 3.3 aA  
6.3 - 8 mm 19.0 1.1 b   4.9 0.1 c   44.6 4.1 a  
8 - 10 mm 20.2 2.4 b   4.9 0.5 c   3.7 0.5 bB  
Bulk 18.3 0.7 bA   4.9 0.2 cB   7.6 2.8 bD  
                           
AMDR1 < 2 mm 0.18 0.1 D   0.05 0.0 C   65.2 1.1 B  
                           







Table 5                       
The metal cation composition consisting of water-soluble Ca, water-soluble Mg, ammonium-oxalate Fe, ammonium-oxalate Al, CBD-Fe, and CBD-Al for steel 
slag 1 (SS1) and 2 (SS2) and acid mine drainage residuals 1 (AMDR1) and 2 (AMDR2) to test the effects of source, type, and particle size fractions. Uppercase 








Water soluble (mg/kg)   Ammonium Oxalate (mg/kg)   Dithionite (mg/kg)  
  Ca    Mg    Fe   Al   Fe   Al  




 < 2 mm 6671 682 aB   67 6.63 bA   76616 3634 cA   3090 246 aA   21274 1607 aA   421 141 aB 
 
2 - 4 mm 3358 92 bB   40 3.18 cA   101160 4250 aA   2864 174 abA  19584 995 aA   5 0 bA  
4 - 6.3 mm 3561 185 bB   30 6.17 cA   104897 2632 aA   2696 187 abA  22386 2073 aA   15 7 bB  
  Bulk 6406 358 aC   101 1.03 aA   88078 1185 bB   2444 91 bB   18057 713 aC   19 10 bD  





< 2 mm 27279 2029 aA   40 1.61 bB   40530 2525 bcB   2337 79 cB   4491 66 cB   518 182 bA  
2 - 4 mm 12860 1748 bA   24 0.50 bcB   50232 1763 aB   2695 117 bcA  4895 307 cB   145 75 bA  
4 - 6.3 mm 5348 400 cA   12 1.07 cB   44907 2835 abB   3251 253 abA  4613 375 cB   5181 955 aA  
6.3 - 8 mm 4495 752 cA   11 1.21 c   25065 1605 d   3237 314 ab   7603 955 b   30 16 b  
8 - 10 mm 5900 964 c   32 2.95 b   24800 2475 d   3644 437 a   9425 612 a   619 572 b  
Bulk 12054 942 bA   89 12.5 aA   32180 4546 cdC   3761 249 aA   4984 251 cD   6323 1074 aA  
                                                   
AMDR1 < 2 mm 1615 94 D   57 2.5 B   12045 196 D   52 3 D   200865 10048 A   117 5 C  
                                                   
AMDR2 < 2 mm 9857 226 B   46 1.21 B   198896 3778 A   662 18 C   136932 9074 B   1178 11 B  
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1.3.6 FTIR spectroscopy  
 The vibrational frequencies determined by FTIR spectrum indicate that AMDR mostly 
consists of goethite-like material and SS mostly consists of calcite-like material (Figure 2). 
Several of the vibrational frequencies of AMDR1 and AMDR2 correspond to characteristic and 
prominent bands of goethite (Figure 2c). The prominent peak at 390 cm-1 is Fe-O asymmetric 
stretching [91], the feature at 610 cm-1 is Fe-OH stretch [91,92] , the peak at 790 cm-1 is O-H 
bending [93,94], and the band between 3400 – 3000 cm-1 encompasses the stretching vibrations of 
Fe-OH stretch [95]. The feature at 867 cm-1 could be goethite [93] or the O-C-O bending modes of 
calcite [96,97]. The feature at 1006 cm-1 likely reflects Si-O bonds [95]. The broader spectral 
features corresponding to Fe-O bonds of ADMR2 compared to AMDR1 are indicated with a 
greater degree of amorphous Fe minerals. 
Steel slag 1 (Figure 2a) and SS2 (Figure 2b) had several major vibrational frequencies 
consistent with calcite (1417, 874, 712 cm-1). The relatively low intensity peak at 712 cm-1 
corresponds to OC-O in-plane bending of CO3
2- [89,98,99]. The peak at 874 cm-1 belongs to O-C-
O bending modes [97] and asymmetrical CO3 [100,101]. The broad feature at 1417 cm
-1 is 
consistent with C-O stretching of CO3
2- groups for calcite [97,100-102]. Both SS1 and SS2 have 
bands at 984 cm-1 attributable to the asymmetrical stretching of Si-O [103,104]. SS1 and SS2 
particle size fractions < 6.3 mm exhibited a peak at 498 cm-1 ascribable to the asymmetric stretch 
of Fe-O of goethite-like Fe oxides [91] or to out of plane vibrations of Si-O of calcium silica 
hydrate [103]. The particle size fractions of SS2 exhibited more features than SS1 particle size 
fractions, in particular 927 cm-1 of Si-O [105]. The peaks at 378 and 325 cm-1 do not correspond 
to the aforementioned functional groups or minerals; these frequencies partially fit with those 
associated with Al oxides, but the characteristic OH stretches > 3000 cm-1 were not present [106]. 
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SS28-10 exhibited a unique pattern of higher intensity peaks compared to the other SS2 particle 
size fractions. There were no spectral features of treated PSM types indicative of bonds 
associated with P. The treated and untreated AMDR had a peak at 1039 cm-1 indicating there was 
phosphate enrichment within the AMDR, but the subtractions did not show evidence of any 




Figure 2. Spectra from Fourier transform infrared spectroscopy highlighting polar bonds for a) 
steel slag 1 (SS1), b) steel slag 2 (SS2), c) acid mine drainage residuals 1 (AMDR1), and c) acid 




1.3.7 P recovery  
Recovery of added DRP among P fractions inferred by sequential extraction differed 
more between PSM type than source and particle size fractions. The DRP added (+100 or 1000 
mg kg-1) was not always fully recovered, and for some SS particle size fractions there was 
negative recovery (e.g., SS12-4, SS2 < 8 mm) indicating that DRP extracted in the +0 mg kg
-1 
(i.e., inherent) was greater than for +100 or 1000 mg kg-1 treated PSM (see section 3.8). All 
recoveries account for inherent P. DRP recovered as NH4Cl-P by SSbulk was higher than AMDR 
for +100 mg kg-1 (27% vs 3%) (Figure 3). The DRP recovered as NH4Cl-P by SS2bulk was higher 
than SS1bulk for +100 mg kg-1 (35% vs 20%), but not for +1000 mg kg-1 (7% vs 12%). In SS1 and 
SS2 particle size fractions, DRP recovered as NH4Cl-P for +100 mg kg
-1 was < 10%. Recovery 
of DRP as NH4Cl-P in SS particle size fractions for +1000 mg kg
-1 was < 50%, but consistently 
higher for SS1 (25 – 49%) than SS2 (< 1 – 45%). 
Recovery of DRP as NH4F-P by SSbulk was higher than AMDR for both P treatments 
(Figure 4). A negligible amount of DRP was recovered as NH4F-P by AMDR2 for +1000 mg kg
-
1 and there was no detectable DRP (LOD 20 mg kg-1) recovered for +100 mg kg-1 or by AMDR1. 
The DRP recovered as NH4F-P by SS2bulk was higher than SS1bulk for +100 mg kg
-1
 (171% vs 
9%) and +1000 mg kg-1 (24% vs 17%). Across particle size fractions, DRP recovered as NH4F-P 
for +1000 mg kg-1 ranged from 4 – 35% in SS1 and 11 – 33% in SS2. In SS1 and SS2 particle 
size fractions, DRP recovered as NH4F-P for +100 mg kg
-1 was higher by SS1 (33 – 54%) than 
SS2 (-65 – 124%). The DRP recovered as NaOH-P was greater by AMDR than SSbulk as both P 
treatments were not detectable (LOD 20 mg kg-1). A majority of DRP was recovered as NaOH-P 
by AMDR1 and AMDR2 for +1000 mg kg-1, 62% and 47% respectively, and for +100 mg kg-1, 
61% and 80% respectively (Figure 5).  
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Recovery of DRP as CBD-P by AMDR and SSbulk was negligible for +1000 mg kg
-1 and 
2-fold higher for +1000 mg kg-1 by SSbulk than AMDR (Figure 6). Recovery of DRP as CBD-P 
by AMDR2 was higher for +100 mg kg-1 (29%) than +1000 mg kg-1 (4%). The DRP recovered 
as CBD-P by AMDR1 and SS1bulk was negligible for both P treatments. The DRP recovered by 
SS2bulk was higher for +100 mg kg
-1 (58%) than +1000 mg kg-1 (6%). In SS1 and SS2 particle 
size fractions, DRP recovered as CBD-P was <10% for +1000 mg kg-1. The DRP recovery was 
negative for CBD-P in SS1 (-10 to -33%) and SS2 particle size fractions (-1 to -44%) for +100 
mg kg-1, except for SS28-10 (67%). The DRP recovered as H2SO4-P by SSbulk was higher than 
AMDR for +1000 mg kg-1 (53% vs 23%) (Figure 7). No DRP was recovered as H2SO4-P by 
AMDR1 for +100 mg kg-1, whereas 65% of DRP added was recovered as H2SO4-P by AMDR2. 
Recovery of DRP as H2SO4-P by SS1bulk and SS2bulk was more similar for +1000 mg kg
-1 (44% 
and 61%) than +100 mg kg-1 (59% and 714%). The DRP recovered as H2SO4-P in SS particle 
size fractions for +1000 mg kg-1 were consistently higher for SS2 (51 – 59%) than SS1 (36-
48%). Across particle size fractions, DRP recovered as H2SO4-P for +100 mg kg
-1 was -54 – 55% 
in SS1 and -271 to -178% in SS2, except for SS28-10 (502%).  
Recovery of DRP by AMDR and SSbulk was similar for +1000 mg kg
-1 (65% and 67%), 
but not for +100 mg kg-1 (118% vs 521%). Recovery of DRP was similar by ADMR1 and 
AMDR2 (63 vs 66%) for +1000 mg kg-1, but for +100 mg kg-1 differed: AMDR1 had 63% 
recovery whereas AMDR2 over-recovered DRP by 74%. The DRP recovery was higher by 
SS2bulk than SS1bulk for both +1000 mg kg
-1 (98% vs 36%) and +100 mg kg-1 (956% and 86%). 
The particle size fractions for SS1 exhibited < 50% recovery for +1000 mg kg-1. The DRP 
recovery from +100 mg kg-1 increased with increasing SS1 particle size fractions (17 – 100%). 
SS2 particle size fractions did not have any clear trends of DRP recovery from +100 or 1000 mg 
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kg-1. Except for SS28-10 which had an over-recovery of 595%, there was less DRP recovered from 
+100 mg kg-1 (-168% to -343%) than +0 mg kg-1 (inherent) by SS2 particle size fractions. 
Similarly, SS28-10 over-recovered (19%) from +1000 mg kg
-1, whereas the other SS2 particle size 
fractions recovered < 41%.  
1.3.8 Inherent P 
 Inherent P, measured in the +0 mg kg-1 treatment, of the sum of extractable DRP fractions 
was greater than the DRP recovered from the +1000 mg kg-1 for SS12-4 and for +100 mg kg
-1 for 
SS2 < 8 mm particle size fractions. Inherent (+0 mg kg-1) P extracted as NH4Cl-P by SSbulk was 
79% of +1000 mg kg-1 NH4Cl-P. Majority of P recovered as NH4Cl-P was inherent for +100 mg 
kg-1 by AMDR1 (79%) and SSbulk (53%). For +1000 mg kg
-1, the majority of P recovered as 
NH4Cl-P by SS1bulk (84%) and SS2bulk (73%) was inherent NH4Cl-P and for +100 mg kg
-1
, 
approximately half was inherent NH4Cl-P by SS1bulk (48%) and SS2bulk (59%). The largest 
portion of inherent P extracted as NH4Cl-P by SS1 occurred for SS12-4 for +100 and 1000 mg kg
-
1, 70% and 84%, respectively. For SS2 particle size fractions, inherent P accounted for the 
majority of DRP recovered as NH4Cl-P for +100 mg kg
-1 (72 – 100%) and for +1000 mg kg-1 (61 
– 87%). Steel slag 28-10 had the largest portion of inherent P extracted as NH4Cl-P of +100 and 
1000 mg kg-1, 87% and 100%, for SS2. In SSbulk, DRP recovered as NH4F-P had a greater 
proportion as inherent for +100 mg kg
-1 than +1000 mg kg-1 (63% vs 42%) and there was no 
detectable inherent NH4F-P for either AMDR sources. Inherent P extracted as NH4F-P for SS1 
particle size fractions was > 63% of NH4F-P for both P treatments, except for SS1<2 for +1000 
mg kg-1 (22%). Inherent P extracted as NH4F-P in SS2 particle sizes was < 40% of +1000 and 
100 mg kg-1 NH4F-P, except for SS28-10 with +1000 mg kg
-1 (27%). The inherent P extracted as 
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NaOH-P by AMDR1 was less than AMDR2 for both +100 and 1000 mg kg-1 (52% and 10% vs 
83% and 46%). 
Inherent P extracted as CBD-P (+0 mg kg-1) by all PSM was a significant amount (37-
111%) of the extractable P for +100 and 1000 mg kg-1. In AMDR1 and AMDR2, inherent P 
extracted as CBD-P accounted for a larger portion of +100 mg kg-1 (105% and 83%) than +1000 
mg/kg (49% and 77%). In SS1bulk, inherent P extracted as CBD-P was greater than the DRP 
recovered as CBD-P for +100 and 1000 mg kg-1. Inherent P extracted as CBD-P by SS2bulk was 
similar of +100 (55%) and 1000 mg kg-1 (56%). In SS28-10, inherent P extracted as CBD-P was 
the lowest for +100 and 1000 mg kg-1, 39% and 38% respectively. There was high (52 – 100%) 
inherent P extracted as H2SO4-P by SSbulk and AMDR . There was negligible inherent P extracted 
as H2SO4-P by AMDR1 and was > 88% by AMDR2 for +100 and 1000 mg kg
-1. Inherent P 
extracted as H2SO4-P by SS1bulk was greater than SS2bulk for +1000 mg kg
-1 (83% vs 42%) and 
+100 mg kg-1 (87% vs 39%). In SS2<2, inherent P extracted as H2SO4-P was greater than DRP 
recovered for either +100 or 1000 mg kg-1 (1.3 and 1.2-fold). In SS28-10, inherent P extracted as 
H2SO4-P was 75% lower than the other SS2 particle size fractions and was 26% of +1000 mg kg
-
1 H2SO4-P and 33% of +100 mg kg
-1 H2SO4-P. 
Total inherent P exceeded the sum of the total extractable P for all PSM particle size 
fractions. Total inherent P was 1.3-fold higher in SSbulk than AMDR. There was a greater relative 
difference between the two AMDR sources (5.7-fold) than the two SS sources (1.2-fold). Total 
inherent P was similar among SS1 particle size fractions. Total inherent P was similar among 
SS2 particle size fractions except for SS28-10 which was 50% less than the others. Across all 
PSM, < 55% of total inherent P was extractable (+0 mg kg-1). With AMDR2, 52% of total 
inherent P was extractable compared to 23% by AMDR1 was. Both SS1bulk and SS2bulk had 
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similar amount of extractable total inherent P, 42% and 40%, respectively. SS1 particle sizes had 
47 – 54% of extractable total inherent P as extractable. Steel slag 2 particle sizes had 38 – 44% 
of extractable total inherent P as extractable.  
Figure 3. Dissolved reactive phosphorus extracted as NH4Cl-P for a) steel slag 1 (SS1), b) steel 
slag 2 (SS2), c) acid mine drainage residuals 1 (AMDR1), and c) acid mine drainage residuals 2 
(AMDR2) for +0 mg P kg-1 phosphorus-sorbing media (PSM) added, +100 mg P kg-1 PSM 
added, and +1000 mg P kg-1 PSM added.  Uppercase letter marks significant difference (p ≤ 
0.05) across P treatments within a given particle size fractions. Lowercase letter marks 













































































































Figure 4. Dissolved reactive phosphorus extracted as NH4F-P for a) steel slag 1 (SS1), b) steel 
slag 2 (SS2), c) acid mine drainage residuals 1 (AMDR1), and c) acid mine drainage residuals 2 
(AMDR2) for +0 mg P kg-1 phosphorus-sorbing media (PSM) added, +100 mg P kg-1 PSM 
added, and +1000 mg P kg-1 PSM added.  Uppercase letter marks significant difference (p ≤ 
0.05) across P treatments within a given particle size fractions. Lowercase letter marks 







Figure 5. Dissolved reactive phosphorus 
extracted as NaOH-P for acid mine 
drainage residuals 1 (AMDR1), and acid 
mine drainage residuals 2 (AMDR2) for 
+0 mg P kg-1 phosphorus-sorbing media 
(PSM) added, +100 mg P kg-1 PSM 
added, and +1000 mg P kg-1 PSM added.  
Uppercase letter marks significant 
difference (p ≤ 0.05) across P treatments 
within a given particle size fractions. 
Lowercase letter marks significant 
difference (p ≤ 0.05) across particle size 
fractions within a PSM source for the 































Figure 6. Dissolved reactive phosphorus extracted as CBD-P for a) steel slag 1 (SS1), b) steel 
slag 2 (SS2), c) acid mine drainage residuals 1 (AMDR1), and c) acid mine drainage residuals 2 
(AMDR2) for +0 mg P kg-1 phosphorus-sorbing media (PSM) added, +100 mg P kg-1 PSM 
added, and +1000 mg P kg-1 PSM added.  Uppercase letter marks significant difference (p ≤ 
0.05) across P treatments within a given particle size fractions. Lowercase letter marks 






Figure 7. Dissolved reactive phosphorus extracted as H2SO4-P for a) steel slag 1 (SS1), b) steel 
slag 2 (SS2), c) acid mine drainage residuals 1 (AMDR1), and c) acid mine drainage residuals 2 
(AMDR2) for +0 mg P kg-1 phosphorus-sorbing media (PSM) added, +100 mg P kg-1 PSM 
added, and +1000 mg P kg-1 PSM added.  Uppercase letter marks significant difference (p ≤ 
0.05) across P treatments within a given particle size fractions. Lowercase letter marks 




1.4.1 Relationship between Ksat and particle size fraction 
Our results supported the hypothesis that PSM type would have a greater role in DRP 
removal and Ksat than source and particle size diameter. Our results were in mixed support of the 
hypothesized optimization of DRP removal and flow rate (Ksat) trade-offs by the largest particle 
size fractions (> 4 mm). Although both AMDR sources had near complete DRP removal across 
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initial concentrations of 100 to 1000 mg kg-1), this PSM type was limited by a low Ksat likely to 
impede water flow through a P removal structure. Similar to both AMDR sources, the low Ksat of 
SS2<2 and SS2bulk would preclude effective treatment of water flowing from a field. The Ksat 
informs the retention time and volume needed when designing P removal structures. An 
acceptable Ksat for media in P removal structures is depends on the expected peak runoff flow 
rate, the DRP concentration, and the DRP removal goal [32]. While there are no clear Ksat 
thresholds for PSM, NRCS hydrologic soil groups can be used to interpret Ksat values for PSM in 
a P removal structure [107]. Four hydrologic soil groups based on the infiltration and percolation 
of water through soil at maximum yearly saturation. The PSM tested fall within two of the 
hydrologic soils groups: Group A has the highest Ksat of  > 0.1 cm s
-1 and Group D has the 
lowest Ksat ≤ 0.04 cm s
-1 [108]. A low Ksat would allow a longer retention time [37], but would 
require a greater quantity of PSM and a larger P removal structure that is a more shallow to 
sufficiently treat runoff  or tile drain effluent [107]. However, low Ksat PSM with high DRP 
removal potential such as AMDR can be pelletized to increase Ksat [109]. Pelletization can 
decrease DRP removal when the particle size diameter is increased [109] likely due to a decrease 
in binding sites and pelletization could increase costs and undermine the low expense advantage 
of PSM. In this study, SS differed from AMDR in that SS sources had multiple particle size 
fractions > 2 mm. For SS1 particle size fractions and SS2 particle size fractions, excluding SS2<2 
and SS2bulk, the Ksat was similar so the particle size fraction with the highest DRP removal 
should be chosen. However, the finest (< 2 mm) particle size fraction has been shown to clog P 
removal structures in field evaluations [36,107], so it may be prudent to remove this particle size 
fraction by sieving before use in a P removal structure. 
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This study followed the initial DRP concentrations typically used in batch isotherms of 
PSM, with the initial DRP concentration added is generally no more than 1000 mg P kg-1 PSM 
(50 mg L-1) [41,48,110], despite a much higher P sorption maxima of PSM types such as AMDR 
(up to 157,000 mg P kg-1 PSM [37]). On the other hand, DRP concentrations from agricultural 
fields typically have a maximum flow-weighted average of 1.25 mg P L-1 [5,111], therefore the 
tested DRP concentrations are more similar to field conditions. Batch isotherms can be used to 
evaluate PSM removal by the percent P removed and also to determine the maximum P sorption 
(Smax) possible. The PSM evaluated were not fully P-saturated and still had near 100% removal 
of DRP, indicating the Smax for these PSM was higher as has been shown in studies that have 
gone beyond 1000 mg P kg-1 PSM [39,41]. Although this range of DRP concentration is more 
similar to field conditions, it does not allow for Smax determination of PSM with high P removal 
capacity which inhibits the design of the P removal structure and calculation of PSM longevity, 
but allows for relative comparisons of a set initial DRP solution concentration among PSM.  
1.4.2 Metal cations relevant to P removal 
Our results supported the hypothesis that metal cation concentrations would vary most by 
PSM type. The results were in mixed support of the hypothesis that there would be variation 
between the smallest and largest particle size fraction and that there would be the least difference 
by source. The difference in metal cation composition between PSM type was due to how these 
PSM were made and concurrent with compositional differences that have been found with 
similar PSM in previous studies [38,39,41]. The high concentrations of Fetot and Feao in AMDR 
are consistent with AMDR evaluated in other studies [38,48]. An inconsistency found in this 
study was the higher Alao and Alcbd concentrations in SS which deviates from the known 
mineralogy of SS of dicalcium silicate, tricalcium silicate, dicalcium ferrite, and lime [77,79]. 
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Fourier transform infrared spectroscopy supports compositional differences between the two SS 
sources, particularly for peaks < 400 cm-1, which could explain the higher DRP removal in SS2. 
Testing the relationship of total and reactive metal cation concentrations with DRP removal was 
not possible for AMDR1 and AMDR2 because complete DRP removal means that variation in 
composition would be muted by the same magnitude of DRP removed. The FTIR spectra for the 
two AMDR sources suggest that although similar, the more prominent peaks associated with 
goethite in ADMR1 may not be as important for DRP removal as the concentration of higher 
Feao in AMDR2. Dissolved reactive P concentrations tested would need to be higher in order to 
distinguish potential differences in maximum P removal capacity. The lack of detectable metal-P 
bonds in the FTIR spectra is also likely due to the DRP concentrations not being sufficiently high 
for the concentration of metal-P bonds to be high enough to be detected. 
By coupling sequential P fractionation with routine metal cation composition analyses, 
we demonstrate that a high concentration of a metal cation does not necessarily indicate that P 
removal is driven by that metal cation by PSM source, type, or particle size diameter. Sequential 
P fractionation largely supported previous findings that Ca drives P removal in these Ca-rich 
PSM [38,65], and this is mostly upheld except for the < 2 mm fraction. The sequential P 
fractionation for the < 2 mm fraction indicates that the majority of P recovered is loosely bound 
P, despite there being higher reactive Ca and similar or even lower total Ca and reactive Al 
concentrations than the larger particle size diameters. The reactive Mg pool is higher in the < 2 
mm fraction than the other particle size fractions, which could be loosely bound P, but the 
sequential P fractionation is not though to specifically isolate Mg- P. Although Mgtot and Mgws 
were low in AMDR and SS compared to the other metal cation concentrations, the molar ratio of 
Mg:P added (0.88:1) for +100 mg kg-1 suggests that Mg may have a relatively minor 
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contribution to P removal. For the two SS sources, the higher Catot and Caws in SS2 particle size 
fractions can explain the higher DRP removal for particle size fractions and initial DRP 
concentration combinations than SS1. In addition to high extractable Ca-P, SS1 and SS28-10 also 
exhibited moderate (4%) to high (171%) extractable Al-P, indicating Al may be an appreciable 
but overlooked metal cation of SS that contributes to DRP removal by this PSM type. The point 
of zero charge of Al oxides (pH 7-9.4) [112] would be reasonable for some SS (pH > 8), 
particularly when pH decreases at higher DRP concentrations. Research into spectral 
identification in the FIR range (< 400 cm-1) is limited making it difficult to determine if the 
peaks < 400 cm-1 for SS2 FTIR spectra are associated with Al oxides or not.  
The SS contained highest amounts of total and reactive Fe, but there was very little Fe-P 
recovered which is likely due to the point of zero charge of Fe oxides (pH 7-8) [113] being lower 
than that of SS (pH > 8).  Although the various particle size fractions of both SS sources showed 
appreciable amounts of soluble and loosely bound P, desorption batch isotherm experiments 
from other SS sources have shown once removed, P is unlikely to be lost [114]. For AMDR, P 
was recovered as Fe-P as hypothesized, consistent with the high levels of Feao and in agreement 
with what has been found before [47,48]. There was an appreciable amount of Ca-P in AMDR2, 
which corresponds with the elevated Caws and the pH of ADMR2 is high enough during batch 
isotherms for Ca to remove P. Though, this fraction has been shown to extract Fe-P [115] which 
could also be likely with ADMR due to the high Fe concentrations.  
1.4.3 High inherent P in PSM 
This study finds that PSM can inherently have a large amount of P. The distribution of 
inherent P across sequentially extracted P fractions are consistent with the PSM formation 
process. Differences in the distribution are greater between PSM type than source or particle size 
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fraction, although ADMR sources differed more in distribution of inherent P than SS. Steel slag 
is a by-product of steel making when scrap steel is mixed with lime to remove impurities such as 
P and Fe [116]. The cooling rate of SS is slow enough that crystalline compounds often form 
which can account for CBD-P [116]. The formation process helps to explain the large (> 43%) 
concentration of inherent Ca-P, as well as the lower concentration of CBD-P present in SS likely 
formed from the slow cooling rate which could explain the lack of non-crystalline Fe-P. The Al-
P is unique in that typically the composition of total and reactive Al is relatively minor compared 
to Fe and Ca, yet it can vary depending on the steel used. For AMDR, the inherent P is largely 
distributed among Fe-P, CBD-P, and Ca-P, consistent with AMDR production. Acid mine 
drainage residuals are a by-product of the neutralization (~7) of acid mine drainage that is 
formed by the oxidation of minerals in the mining of coal and metal deposits such as pyrite form 
dissolved Fe and sulfuric acid [117]. Phosphorus is available in small quantities in coal (< 1%), 
including as apatite, and other mines [118] to be bound to Fe in acid mine drainage. Then through 
the neutralization process with an alkaline material, typically with high concentrations of Ca [47], 
Ca-P can be formed. For both PSM, it is likely that the precipitates formed with Ca, Fe, and the 
more crystalline CBD-P will not be at risk of loss in P removal structures as the pH of the PSM 
in the batch isotherms is not conducive to dissolution.  
Given the magnitude of inherent P in some fractions, sequentially extracted fractions 
used to examine DRP recovery by PSM should account for inherent P. A high inherent P means 
there is potential for the PSM to become a source of P rather than a sink, especially as it was 
indicated that there was loosely and soluble bound P. Since inherent P is unaffected by DRP 
concentration, a larger proportion of DRP extracted from the +100 mg kg -1 P treatment should 
be inherent than the +1000 mg kg-1 P treatment, unless the +100 mg kg-1 P treatment is 
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recovering more of the added DRP. The minor magnitude of over-recovery relative to total P 
means that extraction of total inherent P could explain apparent over-recovery of DRP. A 
negative recovery suggests that the PSM tested contain more P than is retained from the DRP 
concentration added.  
1.5 Conclusions  
The results of this study show that both physical and chemical properties impact P 
removal among PSM type, source, and particle size fractions. The differences in metal cation 
concentrations between PSM type and source are more important than among particle size 
fractions for DRP removal. Total concentrations of Ca, Mg, Fe, and Al do not appear to be 
relevant to how P is removed, but rather the pH of the PSM and reactive pools of metal cations 
dictate P removal. From this study it appears that Al in SS, along with Ca, may be removing P 
which would make it more desirable in a P removal structure as it would function as a P remover 
for a wider pH range. Particle size seems to have the largest role when it comes to designing a P 
removal structure for the water inflow. Finer sized components of PSM may not be the best for P 
removal structures due to low flow and a larger particle size fraction such as 4-6.3 mm or 6.3-8 
mm should be used. High inherent P in PSM does not appear to impact the ability to remove 
more P, but is important to quantify to accurately measure which metal cation is responsible for 
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CHAPTER 2: ASSESSING METHODOLOGIES USED TO EVALUATE DISSOLVED 
PHOSPHORUS REMOVAL OF PHOSPHORUS-SORBING MATERIAL 
 
2.1 Introduction  
Phosphorus (P) losses from agricultural fields to surface waters continue to contribute to 
eutrophication globally [1]. Export of P to surface waters from soils occurs as particulate and 
soluble forms, the latter known as dissolved reactive P (DRP) [3]. Particulate P loss can be 
reduced by erosion control measures, but some commonly utilized best management practices 
(e.g. cover crops, reduced tillage, buffers) are not specifically designed to mitigate DRP losses 
[119] and therefore can vary in effectiveness of decreasing DRP losses [27,31,120]. Phosphorus 
removal structures are a relatively underutilized management practice [12] that target DRP 
removal from agricultural surface runoff [32,39]. Phosphorus removal structures are targeted to 
hydrologically active areas on the edge of agricultural fields where surface runoff will pass 
through the structure. Phosphorus removal structures are filled with P-sorbing media (PSM), 
waste by-products with high P removal potential. Before P removal structures can be designed 
and constructed, the PSM are generally chosen based on laboratory experiments to determine the 
DRP removal potential. Multiple studies have evaluated DRP removal across diverse PSM [39], 
but differing methodologies challenge comparisons [61].  
Two methods frequently used to evaluate DRP removal potential of PSM are batch 
sorption isotherm experiments and flow-through columns. Batch sorption isotherm experiments 
are utilized to estimate DRP removal potential by yielding a maximum P sorption capacity. This 
in turn can be used in tandem with the PSM mass of the P removal structure to predict its 
lifespan [61]. For batch isotherm experiments evaluating P sorption by soil, a set of 
methodological procedures has been proposed [121,122], but for PSM the recommendations on 
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batch sorption parameters are not strictly followed for every experiment [39]. Key batch isotherm 
parameters include the solid to solution ratio, contact time, DRP concentrations used, and 
whether an electrolyte is present in the background matrix [122,123]. The solid to solution ratio 
affects DRP removal potential because a lower ratio requires a longer equilibration time and also 
can lead to higher concentration of DRP removed, potentially introducing discrepancies between 
P removal determined by batch isotherms of PSM versus field-scale P removal structures 
[39,124]. The contact time of solution to solid needs to be sufficient for equilibrium to be reached, 
and this time can vary greatly depending on PSM particle size [125,126]. The range of DRP 
concentration is typically lower (< 50 mg L-1) [41,48] to simulate the concentration of surface 
runoff (typically ≤ 1.25 mg L-1 for surface and subsurface flow in the US) [5,111] or an arbitrarily 
higher DRP concentration (e.g. 1,000 or 3,200 mg L-1) [38,71]. Using DRP concentrations of up 
to 1000 mg  L-1 can still be insufficient to saturate certain PSM , and preventing the calculation 
of Smax as a metric of maximum DRP removal potential [127]. The background matrix for batch 
isotherms in general requires the use of an electrolyte solution (e.g., 0.01 M KCl), but in PSM 
evaluations the use of an electrolyte is inconsistent. The value of using an electrolyte is to 
maintain ionic strength as P is removed from solution to offset the potassium counterion effect of 
the potassium monophosphate added to not overestimate P removal. Electrolytes are known to 
interfere with the P sorption process and thus sorption capacity [39].  
Flow-through columns are another method used to evaluate DRP removal potential by 
PSM. The effect of retention time and P concentration on DRP removal potential can be tested 
using flow-through columns. Columns are meant to simulate an inflow DRP concentration and 
retention time similar to what PSM would experience in a P removal structure [107]. The inflow 
DRP concentrations for flow-through columns (0.5 – 15 mg L-1 [37,49,128]) are typically closer to 
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DRP concentrations in agricultural runoff (maximum flow-weighted average of 1.25 mg P L-1) 
[5,111]. In batch isotherms, the concentration of DRP added decreases as P is sorbed by PSM, 
thereby reducing the DRP concentration in contact with the PSM as time elapses. For flow-
through columns, a constant inflow solution DRP concentration is maintained which lowers the 
DRP removal potential the PSM has to sorb DRP from the starting solution concentration every 
new cycle of the retention time [107]. Retention time has been shown in one study to have little 
impact on DRP removal potential for diverse PSM, including AMDR, slag fines, fly ash, flue gas 
desulfurization gypsum, water treatment residuals, and Excell Minerals [37]. Retention times for 
flow-through columns (0.5 – 10 min [37,49,128]) represent the limited contact time (< 20 min [50]) 
DRP-loaded water has with PSM when flowing through a P removal structure. The limited 
retention time (< 20 min for flow-through columns vs 24 h for batch isotherms) along with the 
maintained inflow DRP concentrations lower the ability of DRP removal in flow-through 
columns, therefore flow-through columns typically yield lower magnitudes of DRP removal than 
batch isotherms [49].  
Phosphorus-sorbing materials are commonly classified by two hypothesized elemental 
mechanisms of DRP removal: 1) slower (> 1 h [129]) precipitation by Ca and/or Mg (pH > 7) and 
2) more rapid (< 1 h [130,131]) precipitation by Fe and/or Al (pH < 6.5) [38,56]. As flow-through 
columns have a retention time < 1 h, the metal cation or mechanism responsible for P removal 
may be different than previously thought or change as retention time is shortened. Sequential 
chemical fractionation of P can be used to test the metal cation that is responsible for DRP 
removal by PSM as retention time is shortened. Sequentially extracted P fractions can be 
interpreted to approximate P pools based on solubility-based extraction of Al, Fe, and Ca [59]. A 
standard method for sequential chemical fractionation of inorganic P is that of Chang and 
53 
 
Jackson [60] as modified by Zhang and Kovar [59], which separates P into five fractions NH4Cl-P 
(soluble and loosely bound P), NH4F-P (Al-P), NaOH-P (Fe-P), Na3C6H5O7, NaHCO3, Na2S2O4 
or CBD-P) (reductant-soluble P), or H2SO4-P (Ca-P) [59]. For Ca- and Mg-rich PSM, it would be 
expected to have DRP recovered as NH4Cl-P (soluble and loosely bound P) and H2SO4-P (Ca-P) 
and for Al- and Fe-rich PSM, DRP recovered as NH4Cl-P (soluble and loosely bound P), NH4F-
P (Al-P), NaOH-P (Fe-P), Na3C6H5O7, NaHCO3, Na2S2O4 or CBD-P) (reductant-soluble P) [59].   
This study examined how the parameters of batch isotherms and flow-through columns as 
well as the difference between the two methods affected the DRP removal potential of PSM. The 
first objective was to evaluate to what extent the presence of an electrolyte and DRP 
concentration range interactively determine the measured DRP removal potential of SS and 
AMDR. We hypothesized that presence of KCl would lead to a lower DRP removal potential, 
constraining the DRP concentration to ≤ 1000 mg kg-1 may overestimate the DRP removal 
potential for PSM, and that the effect of DRP concentration range on DRP removal potential 
would depend on whether an electrolyte solution was used. The second objective was to 
determine to what extent retention time and influent DRP concentration influence DRP removal 
in flow-through columns, using a subset of PSM (steel slag). We hypothesized the combinations 
of retention time and DRP concentration would have the same DRP removal on a mass basis. 
The third objective was to determine if the metal cation removing DRP is consistent across the 
DRP concentration and retention time combinations for a subset of PSM in flow-through 
columns, using a subset of PSM (steel slag). We hypothesized that the majority of DRP removed 
would be recovered as NH4Cl-P (soluble and loosely bound P), H2SO4-P (Ca-P), and NH4F-P 
(Al-P) in flow-through columns, within an increased proportion of DRP recovered as NH4F-P as 
retention time decreased. The final objective was to determine to what extent DRP removal 
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potential was similar for flow-through columns and batch isotherms for a subset of PSM. We 
hypothesized batch isotherms (no electrolyte, ≤ 20,000 mg kg-1) would lead to greater DRP 
removal potential for a subset of PSM than flow-through columns, whereas batch isotherms (no 
electrolyte, ≤ 1000 mg kg-1) would underestimate DRP removal potential. 
2.2 Materials & Methods 
2.2.1 Filter Media and General Characterization 
This study examined four different PSM with recognized potential for DRP removal [39,62]: 
steel slag 1 (SS1), steel slag 2 (SS2), acid mine drainage residuals 1 (AMDR1) and acid mine 
drainage residuals 2 (AMDR2) (Table 6). Steel slag is a granular by-product of steel production. 
For this study, there were two sources of SS and one particle size fraction chosen from each source 
(< 2 mm for SS1 and 4 – 6.3 mm for SS2) based on the highest combination of P removal and Ksat 
[127]. Steel slag 1 was sourced from TMS International Corporation in Parkhill, PA and SS2 was 
sourced from US Steel Corporation in Granite City, IL. Acid mine drainage treatment residuals 
(AMDR) are a fine (< 2 mm diameter) by-product of neutralizing mine drainage waste. The two 
AMDRs tested were sourced from the Pennsylvania EPA (AMDR1) and the Blue Valley Mine 











mean se mean se mean se mean se mean se mean se mean se mean se mean se mean se
SS1 11 0 15 1 7 0 36.0 1 6671 682 67 6.6 76616 3634 3090 246 21274 1607 421 141
SS2 12 0 21 2 6 1 49.0 3 5348 400 12 1.1 44907 2835 3251 253 4613 375 5181 955
AMDR1 8 0 0 0 0 0 65.0 1 1615 94 57 2.5 12045 196 52 3 200865 10048 117 5
AMDR2 6 0 5 1 0 0 67.0 0 9857 226 46 1.2 198896 3778 662 18 136932 9074 1178 11
Elemental concentrations and pH for steel slag 1 (SS1), steel slag 2 (SS2) and acid mine drainage residuals 1 (AMDR1), and acid mine 
drainage residuals 2 (AMDR2).
Ammonium Oxalate (mg/kg) Dithionite (mg/kg)
Ca Mg Fe Al Fe Al
Water soluble (mg/kg)Total (%)
Ca Mg Fe pH (1:1)
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2.2.2 Batch isotherms 
 Phosphorus removal by PSM was quantified via batch sorption isotherm experiments. A 
solid to solution ratio of 1:20 with 1.50 ± 0.05 g air-dry PSM mass to 30 mL of increasing 
concentration of PO4
3--P L-1 with an equilibration time of 24 h was selected for consistency with 
previous evaluations [39]. Batch sorption isotherm tests were conducted in quadruplicate for a 
factorial of two background combinations by two ranges of DRP concentrations as KH2PO4 . 
The two different background matrices were 18.2 MΩ·cm water and 0.01 M KCl and the two 
ranges of DRP concentrations used were 0, 100, 200, 400, 600, 800, and 1000 mg kg-1 (0 – 50 
mg L-1) as and 0, 100, 200, 400, 600, 800, 1000, 1500, 2000, 4000, 6000, 10000, 20000 mg kg-1 
(0 – 1000 mg L-1) as KH2PO4 . The supernatant was immediately filtered (0.45 µm cellulosic 
filter) after the end of equilibration, DRP was quantified as molybdate reactive phosphorus by 
colorimetry [72] to calculate the filtrate concentration of P (mg kg-1). With the initial DRP 
concentration added and the final DRP concentration remaining in the filtrate known, the percent 
DRP removal was calculated: 
Percent DRP removed: ( 
𝐷𝑅𝑃 𝑎𝑑𝑑𝑒𝑑 −𝐹𝑖𝑛𝑎𝑙 𝐷𝑅𝑃 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
𝐷𝑅𝑃 𝑎𝑑𝑑𝑒𝑑
) ∗ 100                    (4) 
Maximum P sorption capacity (Smax) was quantified from the difference between the initial 
solution P concentration and the equilibrium concentration in the supernatant. The maximum P 
sorption capacity was determined using the Langmuir equation: 
𝑆 =  
𝑆𝑚𝑎𝑥𝐾𝐶
1+𝐾𝐶
     (5) 
where S is the sorbed P concentration (mg kg-1), Smax is the maximum sorption capacity of the 
PSM (mg kg1), K is the Langmuir binding strength coefficient (L mg-1), and C is the equilibrium 
concentration (mg L-1) [132]. The goodness of fit (R2) was used to determine the fit of the 
Langmuir model, with a fit above 0.90 deemed an acceptable fit.  
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2.2.3 Flow-through columns 
 Flow-through columns were conducted to test the effect of P concentration and retention 
time on P removal for PSM. Steel slag 1 and SS2 were chosen as a subset of the PSM tested for 
batch isotherms due to the higher hydraulic conductivity than AMDR1 and AMDR2 [127]. The 
triplicate columns were constructed of schedule 40 PVC, 2.5 cm diameter, 10.2 cm length 
packed with either SS1 (~ 110 g per column) or SS2 (~ 80 g per column) and connected to an 
eight-channel peristaltic pump (Masterflex L/S Variable-Speed Digital Drive Pump with 
Masterflex L/S Multichannel Cartridge Pump Head for Microbore and Precision Tubing, 8-
channels, 4-rollers) that maintained a constant flow of P solution from tanks the columns. A 
barrier of corrugated plastic with 10, 6-mm holes and three layers of 100% cotton cheese cloth 
were both cut to the diameter of the columns and placed at both the base and top of the column. 
The corrugated plastic was closest to the PSM with the cheesecloth on the outside to prevent loss 
of fine particles. Ten treatments resulted from the combination of retention times and inflow 
solution DRP concentrations were tested: 1) 2 min RT, 3 mg P L-1, 2) 2 min RT, 1 mg P L-1, 3) 2 
min, 0.5 mg P L-1, 4) 1 min, 3 mg P L-1, 5) 1 min, 1 mg P L-1, 6) 1 min, 0.5 mg P L-1, 7) 20 s RT, 
3 mg P L-1, 8) 20 s RT, 1 mg P L-1, 9) 20 s RT, 0.5 mg P L-1, and 10) 20 s, 0.05 mg P L-1 (SS24-
6.3 only used one column for this combination). Dissolved reactive P solutions were made using 
potassium monophosphate. Flow rates needed to achieve RT for SS1 were 12 mL min-1 (2 min 
RT), 24 mL min-1 (1 min RT), 73 mL min-1 (20 s RT) and for SS2, 15 mL min-1 (2 m RT), 29 








The sampling frequency (h) for flow-through column experiments. The ‘x’ indicates that samples 
were taken at h timepoints from the Day 8 to termination, which varied depending on the steel 
slag (SS) and treatment. 
Day 1   Day 2   Day 3   Day 4   Day 5   Day 6   Day 7   
Day 8 to  
Termination 
0.5   24   48   72   96   120   144   x   
2   26   50                       
4   28   52   76   100   124           
6   30   54                       
8   32   56   80   104   128   152   x   
12   36   60                       
 
2.2.4 Sequential Fractionation 
 Sequential fractionation was performed for PSM after completion in flow-through 
columns. The remaining PSM from the columns were air-dried and ground to < 2 mm. The 
Chang and Jackson [60] sequential fractionation as modified by Zhang and Kovar [59] was used 
to estimate 1) NH4Cl-P (soluble and loosely bound P), 2) NH4F-P (Al-P), 3) NaOH-P (Fe-P), 4) 
Na3C6H5O7, NaHCO3, Na2S2O4 or CBD-P) (reductant-soluble P),  and 5) H2SO4-P (Ca-P). First, 
0.4 g of air-dried, ground PSM were extracted in 20 mL 1 M NH4Cl for 30 min, centrifuged, and 
decanted. Twenty mL 0.5 M NH4F were added to the residuals, shaken for 1 h, centrifuged, 
decanted, and washed twice with 10 mL 6.8M NaCl that was combined with the extract. Then, 
20 mL 0.1 M NaOH was added to the residuals, shaken for 17 h, centrifuged, decanted, and 
washed twice with 10 mL 6.8 M NaCl that was combined with the extract. Next, 10 mL 0.3M 
Na3C6H5O7and 2 mL 1 M NaHCO3 were added to the residuals and heated for 15 min at 85°C. 
Next, 0.4 g Na2S2O4 was added with rapid stirring to mix and heated at 85°C for another 15 min. 
The samples were then centrifuged, decanted, and washed twice with 10 mL 6.8 M NaCl that 
was combined with the extract. Finally, 20 mL 0.25 M H2SO4 were added to the residuals, 
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shaken for 1 h, centrifuged, decanted, and the residuals washed twice with 10 mL 6.8 M NaCl 
that was combined with the extract. The P in the extracts was quantified via ICP-MS (carrier gas 
Argon). The LOD for NH4Cl-P was 10 mg kg
-1, 17 mg kg-1 for CBD-P, and 20 mg kg-1 for 
NH4F-P, NaOH-P, and H2SO4-P. 
The NH4Cl-P was interpreted as soluble and loosely bound P and the metal cation 
responsible could be Fe, Al, Ca, or Mg (total and/or water-soluble). The NH4F-P was interpreted 
as Al-P, corresponding to the metal cation composition of Alao , the reactive pool of Al. The 
NaOH-P was interpreted as Fe-P, corresponding to Feao. The CBD-P was interpreted as 
reductant-soluble P or occluded P, corresponding to Fecbd and Alcbd. The H2SO4-P was 
interpreted as Ca-P, corresponding to the insoluble Catot and Mgtot. Total Mg is included here as 
there is not a fraction that is interpreted specifically for Mg, but fits most closely with Ca.  
2.2.5 Statistical Analyses 
Analyses were performed using SAS v9.4 (Cary Institute, NC). Response variables were 
evaluated for the assumptions of normality of residuals and homogeneity of variances. A two-
way ANOVA was performed for each PSM on the percent DRP removal for batch isotherms to 
determine if there was a significant interaction. Mean differences for each PSM between percent 
DRP removal of batch isotherms for the two-way interaction of the presence of an electrolyte 
solution and the DRP concentration range were evaluated using Tukey’s test with significance at 
p ≤ 0.05.  
For the flow-through columns, a three-way ANOVA was performed on each sequentially 
extracted fractions as well as the slopes of the removal curves. Mean differences for percent DRP 
recovered as NH4Cl for the effect of PSM type and inflow solution DRP concentration were 
evaluated using Tukey’s test with significance at p ≤ 0.05. Mean differences for percent DRP 
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recovered as NH4F for the effect of PSM type and inflow solution DRP concentration as well as 
the effect of retention time and inflow solution DRP concentration were evaluated using Tukey’s 
test with significance at p ≤ 0.05. Mean differences for percent DRP recovered as CBD for the 
effect of PSM type and inflow solution DRP concentration were evaluated using Tukey’s test 
with significance at p ≤ 0.05. For the flow-through columns, exponential models, percent DRP 
removal was log-transformed to create a linear model of percent DRP removal as a function of 
cumulative DRP added for which the slope was calculated. Mean differences for the slopes of the 
flow-through column linear models for the effect of PSM type, retention time, and inflow 
solution DRP concentration were evaluated using Tukey’s test with significance at p ≤ 0.05. 
2.3 Results 
2.3.1 Batch Sorption Isotherms 
The Smax was greater for the DRP range ≤ 20,000 mg kg
-1 than ≤ 1000 mg kg-1 for both 
the presence and absence of KCl, except for ADMR2 excluding KCl (Table 8). The Smax of 
AMDR2, in the absence of KCl, was 1.5-fold greater for ≤ 1000 mg kg-1 than ≤ 20,000 mg kg-1. 
The Smax was not always less with an electrolyte solution. For SS1, the KCl background 
decreased the Smax for both DRP ranges. Smax of SS2, was 4.0-fold greater for ≤ 20,000 mg kg
-1 
for KCl inclusion than exclusion. For AMDR1, Smax was 4.6-fold greater for ≤ 1000 mg kg
-1 in 
the presence of KCl than the absence. The Smax of AMDR2, was 58.3-fold greater for ≤ 20,000 
mg kg-1 for KCl inclusion than exclusion. None of the PSM exhibited a saturation curve needed 
to model P removal from solution by the method of Langmuir (Figure 8). The Langmuir model 
fit (R2) exceeded 0.90 for six of the sixteen factorial combinations. There was no consistency in 
which combination of DRP range and electrolyte inclusion or exclusion provided an R2 above 






Figure 8.  
The batch isotherm Langmuir models showing the DRP in solution at equilibrium on a mass 
basis (Ce) and the P removed by PSM on a mass basis (qe) for: a) steel slag 1 (SS1), b) steel slag 
2 (SS2), c) acid mine drainage residuals 1 (AMDR1), and d) acid mine drainage residuals 2 
(AMDR2). 
 
The proportion of initial solution DRP removed by AMDR1 and AMDR2 was not 
significantly different for the inclusion of the KCl or not at 1000 mg kg-1, but was greater 
without KCl when initial DRP concentration was increased to 20,000 mg kg-1 (Table 8). The 
exclusion of KCl increased the percent DRP removal for all PSM at both DRP ranges. Without 
KCl, the percent DRP removal was similar for both DRP ranges for SS2 and AMDR2. SS1 and 
AMDR1 had a greater percent DRP removed for 1000 mg kg-1 added than 20,000 mg kg-1 in the 
absence of KCl. The percent DRP removed by SS1, AMDR1, and AMDR2 was greater for 1000 
mg kg-1 added than 20,000 mg kg-1 with the inclusion of KCl, but not SS2. Percent DRP removal 
for SS2 was > 90% for both DRP ranges without KCl. AMDR1 and AMDR2 had > 90% DRP 
removal for 1000 mg kg-1 added with and without KCl. 
62 
 
   Table 8                      
 The Smax and percent DRP removed for steel slag 1 (SS1, <2 mm), steel slag 2 (SS2, 4-6.3 mm), acid 
mine drainage residuals 1 (AMDR1), and acid mine drainage residuals 2 (AMDR2) for the factorial 
combinations of KCl absent ≤1000 mg kg-1, KCl absent ≤ 20,000 mg kg-1, KCl present ≤ 1000 mg 















    
 Smax 
(mg/kg)  R2   
Smax 
(mg/kg) R2   Water  KCl 
 
SS1 
1000    909 0.98   714 0.94   84 a 54 b  
20,000    10000 0.61   2500 0.82   52 b 11 c  
SS2 
1000    294 0.15   133 0.99   100 a 13 c  
20,000    2500 0.56   10000 0.1   97 a 30 b  
AMDR1 
1000    313 0.14   1429 0.07   100 a 99 a  
20,000    10000 0.95   3333 0.99   40 b 16 c  
AMDR2 
1000    435 0.05   263 0.18   100 a 100 a  
20,000    286 0.15   16667 0.91   100 a 87 b  
 Lowercase letter denotes significant difference (p ≤ 0.05) within PSM type by factorial     
  
The percent DRP removed depended on the DRP concentration range and whether an electrolyte 
solution was used, for SS1, AMDR1, and AMDR2 (Table 9). For SS2, the percent DRP removed 
was only dependent on whether an electrolyte solution was used.  
Table 9                
The F statistic from a two-way ANOVA for steel slag 1 (SS1), steel slag 2 (SS2), acid 




  Fstat  
 
Source SS1   SS2   AMDR1   AMDR2   
DRP Range  245.0*   4.3   4624.8*   1002.0*   
Electrolyte Solution 233.5*   34.2*   544.7*   902.3*   
Range x Electrolyte 67.8*   4.6   521.6*   952.8*   
* Denotes significance at (p ≤ 0.001)           
       
2.3.2 Flow-through Column Breakthrough Curves 
The slopes of DRP removal curves for flow-through columns depended on PSM type, 
retention time and inflow solution DRP concentration (three-way interaction p < 0.001) (Figure 
63 
 
9). The slope of the removal curve indicates the percent DRP removed per unit (mg DRP per kg 
PSM) addition of inflow DRP solution. The slopes are either negative or very close to zero due 
to the DRP removal curves being an exponential decay equation in which less DRP is removed 
as the cumulative DRP added increases. 
 There were only four combinations of retention time and inflow solution DRP 
concentration at which the slopes of the DRP removal curves differed between PSM type. All of 
the retention times at 0.5 mg L-1 and the 20 s retention time at 1 mg L-1. SS2 DRP removal 
curves had a 4-fold greater slope than SS1 at the 20 s retention times at 1 mg L-1 (-0.0018 vs -
0.007) and 6-fold greater at 0.5 mg L-1 (-0.0013 vs -0.0074). Steel slag 1 DRP removal curves 
had a 91-fold greater slope than SS2 at the 2 min (-0.0004 vs -0.0363) and 20-fold greater at 1 
min (-0.0008 vs -0.0156) retention time at 0.5 mg L-1. For SS1, the slopes of the DRP removal 
curves were similar or decreased as the inflow solution DRP concentration decreased from 3 mg 
L-1 to 0.5 mg L-1 for 2 min (-0.0004 to -0.0002) and 20 s (-0.0074 to -0.0024) retention time. At 1 
min retention time, the DRP removal curves slope was greatest at 1 mg L-1 (0.0010) vs 3 mg L-1 
(-0.0024) or 0.5 mg L-1 (-0.0074) for SS1. The slopes of the SS2 DRP removal curves were 
similar or decreased as the inflow solution DRP concentration decreased from 3 mg L-1 to 0.5 mg 
L-1 for all retention times. For the 2 min retention time, both PSM type and all DRP 
concentrations were similar (slopes -0.0015 to -0.0002) except for SS2 0.5 mg L-1 (slope of -
0.0363). At 1 min retention time, the slopes of the DRP removal curves for SS1 and SS2 were 
similar at 3 mg L-1 (-0.0002 vs -0.0032) and 1 mg L-1 (-0.0015 vs -0.0020). Steel slag 1 and SS2 
DRP removal curve slopes at 1 min retention time at 0.5 mg L-1 were not similar, -0.0004 vs -
0.0363 respectively. The slopes of the DRP removal curves at 20 s retention time were similar 
for SS1 and SS2 at 3 mg L-1 (-0.0024 and -0.0029), SS2 1 mg L-1 (-0.0018), and SS2 at 0.5 mg L-
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1 (-0.0013). Steel slag 1 DRP removal curves had a similar, smaller slope at 20 s retention time at 
1 and 0.5 mg L-1 (-0.0070 and -0.0074) when compared to 20 s retention time at 3 mg L-1.  
The retention time within each inflow DRP concentration either did not affect the slope 
of the DRP removal curve or the fastest retention time (20 s) decreased the slope of the DRP 
removal curves for both SS1 and SS2, except at 0.5 mg L-1 for SS2. All slopes of the DRP 
removal curves for SS1 and SS2 at 3 mg L-1 were similar across retention times within and 
across the type of PSM (-0.0046 to -0.0002). At 1 mg L-1, the slopes of the DRP removal curves 
for all retention times were similar for both SS1 and SS2 (-0.0020 to 0.00104), except at 20 s 
retention time for SS1 (-0.0070). The slopes of the DRP removal curves for SS1 and SS2 at 0.5 
mg L-1 across retention times were not as similar at the other DRP concentrations. The 2 and 1 
min retention time slopes for SS1 DRP removal curves were similar at 0.5 mg L-1 (-0.0004 vs -
0.0008), but were greater than the 20 s retention time (-0.0074) or the SS2 2 and 1 min retention 
time (-0.0363 and -0.0156). For SS2, the slope of the DRP removal curves at 0.5 mg L-1 






Figure 9. The flow-through column log-transformed percent DRP removed vs the cumulative 
DRP added (mg kg-1) for each retention time (min) and initial solution DRP concentration (mg 
kg-1) for both steel slag 1 (SS1) and steel slag 2 (SS2). Steel slag 1 is represented by circles and 
steel slag 2 is represented by squares. Each panel is for an initial solution DRP concentration of 
a) 3 mg L-1, b) 1 mg L-1, and c) 0.5 mg L-1. 
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2.3.3 Flow-through column Sequential Fractionation for Al-, Fe-, and Ca-P 
The percent DRP recovered by sequential extraction varied by fraction. DRP recovered 
as NH4Cl was highly sensitive to PSM type and DRP concentration (Table 10). For NH4Cl-P, all 
PSM type and DRP concentrations were similar (7 – 43% NH4Cl-P) except for SS2 at 3 mg L
-1 
which was only similar to SS1 at 0.5 mg L-1 with -53% and 7% NH4Cl-P respectively. Recovery 
of DRP as NH4F was significantly affected by PSM type and DRP concentration as well as 
retention time and DRP concentration. For NH4F-P, all PSM type and DRP concentrations were 
similar (6 – 56% NH4F-P) except for SS2 at 3 mg L
-1 which was only similar to SS2 at 1 mg L-1 
with -129% and 6% NH4F-P respectively. Retention time and DRP concentrations were all 
similar for DRP recovered as NH4F (4 – 81%) except for the 2 min retention time at 3 mg L
-1 (-
210%). NaOH-P was similar for all PSM types, retention times, and DRP concentrations. 
Recovery of DRP as CBD was significantly affected by PSM type and DRP concentration. Steel 
slag 1 at 0.5 mg L-1 had greater CBD-P than SS2 at 0.5 mg L-1, 7% vs -9% respectively. The 
CBD-P was similar for both SS1 and SS2 at 1 mg L-1 (2% and -3%) and at 3 mg L-1 (-13% and -
3%). The H2SO4-P was similar for all PSM types, retention times, and DRP concentrations. 
The sum of the percent of DRP recovered was used to indicate how much DRP was 
recovered across all sequentially extracted fractions. Steel slag 1 recovered 19 – 139% of the 
DRP that was removed by the PSM. For SS1 and SS2, the highest sum of percent DRP recovered 
occurred at 20 s retention time at 3 mg L-1, 30% and 139% respectively. The lowest sum of 
percent DRP recovered for SS1 occurred at 1 min retention time at 1 mg L-1 (20%) and for SS1 
at 2 min retention time at 3 mg L-1 (-491%). The sum of percent DRP recovered for SS2 ranged 
from -491 – 30% of the DRP that was removed in the flow-through columns. Inherent P was 
higher than DRP recovered for SS2 a majority of the retention time and DRP concentration 
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combinations, resulting in a negative recovery. There was a negative recovery for the 
combinations of 3 mg L-1 at 2 min retention time (-491%), 3 mg L-1 at 1 min retention time (-
9%), 1 mg L-1 at 1 min retention time (-33%), 1 mg L-1 at 20 s retention time (-65%), and 0.5 mg 
L-1 at 2 min retention time (-122%). 
Table 10.
NH4Cl-P
mean se mean se mean se mean se mean se mean se mean se mean se mean se
SS1 11 a 1 59 a 21 60 a 15 18 a 0 6 a 0 8 a 2 6 ab 1 2 ab 1 14 ab 2
SS2 -170 b 140 -14 b 3 26 b 22 2 a 0 12 a 1 14 a 5 10 a 6 27 a 6 32 a 16
NH4F-P
mean se mean se mean se mean se mean se mean se mean se mean se mean se
SS1 12 aB 2 71 aA 20 87 aA 27 15 aA 1 8 aA 1 13 aA 2 14 aA 3 12 aA 1 20 aA 2
SS2 -433 bB 295 -30 bA 23 75 bA 66 1 bA 2 -1 bA 10 17 bA 15 -2 bA 11 50 bA 25 32 bA 4
NaOH-P
mean se mean se mean se mean se mean se mean se mean se mean se mean se
SS1 0 0 0 0 0 0 0 0 1 0 4 2 1 1 0 0 2 2
SS2 -64 61 6 3 -34 18 -1 1 -2 1 -12 2 -10 5 -12 6 -16 8
CBD-P
mean se mean se mean se mean se mean se mean se mean se mean se mean se
SS1 7 c 1 -16 c 11 -30 c 8 3 ab 2 1 ab 0 1 ab 2 9 a 1 13 a 0 0 a 2
SS2 -8 abc 17 11 abc 8 -13 abc 6 0 abc 1 -4 abc 5 -6 abc 7 -7 bc 10 -16 bc 13 -4 bc 7
H2SO4-P
mean se mean se mean se mean se mean se mean se mean se mean se mean se
SS1 5 2 -87 26 22 48 3 2 3 0 -2 3 18 6 14 3 -4 4
SS2 184 348 18 48 -25 45 5 8 -38 17 -78 11 -114 37 -34 37 -25 30
Sum of Percent DRP Recovered
mean se mean se mean se mean se mean se mean se mean se mean se mean se
SS1 35 B 4 27 B 11 139 B 88 39 A 4 20 A 1 24 A 8 47 A 9 40 A 4 32 A 5
SS2 -491 B 211 -9 B 85 30 B 108 8 A 10 -33A 28 -65 A 9 -122 A 56 14 A 51 19 A 37
The percent DRP recovered by steel slag 1 (SS1) and steel slag 2 (SS2) for each combination of DRP concentration (mg L
-1
) and 
retention time (min) sequential fractionation after flow-through column experiment. Lowercase letter denotes significant difference (p ≤ 
0.05) of PSM type*DRP concentration. Uppercase letter denotes significant difference (p ≤ 0.05) of retention time* DRP concentration. 
No letter denotes no significant difference (p ≤ 0.05).
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2.3.4 DRP removal potential comparison for flow-through vs batch isotherm  
SS1 removal of DRP was consistently higher than SS2 when evaluated by batch 
isotherms (Smax ) or flow-through column experiments (cumulative removal). Batch isotherms 
showed DRP removal by SS2 continuing to increase with increasing initial DRP concentration, 
but in the flow-through columns at 3 mg L-1, the opposite was shown. Cumulative DRP removed 
increased to a peak at 50 h (2 min retention time), 2 h (1 min retention time), and 8 h (20 s 
retention time) and then decreased until the end of the experiment and resulted in a net loss of P 
for the 2 min and 1 min retention time. The Smax for SS1 was 4-fold higher than SS2. Cumulative 
DRP removal from the flow-through columns for SS1 and SS2 was approximately only 10% of 
the Smax for 20,000 mg kg
-1 determined by the batch isotherms. The Smax for 1000 mg kg
-1 for 
SS1 was 16% less than the cumulative DRP removed for SS1 in the flow through columns and 
19% higher for SS2. Steel slag 1 cumulative DRP removal was 4.4-fold higher than SS2 when 
averaged across all retention times and DRP concentrations. Steel slag 1 cumulative DRP 
removal was greater than SS2 at 3 mg L-1 (832 mg kg -1 vs -10 mg kg-1) , 2.3-fold greater at 1 mg 
L-1, and 6.5-fold greater at 0.5 mg L-1. At 2 min retention time, SS1 cumulative DRP removal 
was 3.8-fold greater than SS2 at 2 min retention time, 10.5-fold greater at 1 min retention time, 
and 2-fold greater at 20 s retention time.  
2.4 Discussion 
2.4.1 Batch sorption isotherm parameters 
Our results were in mixed support of the hypothesis that omitting KCl from batch 
isotherms will have a higher DRP removal potential than KCl presence and in mixed support that 
constraining the DRP concentration to ≤ 1000 mg kg-1 will overestimate the DRP removal 
potential of PSM. There was higher percent DRP removal in the absence of KCl for both DRP 
concentration ranges, except for the PSM that still had 100% removal (AMDR1 ≤ 1000 mg kg-1 
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and  AMDR2 ≤ 1000 mg kg-1). With a higher DRP concentration, the expected lower percent 
DRP removal as PSM approaches P-saturation [41,45] is observed for most of the factorial 
combinations.  
The Smax from batch isotherms was not consistently higher with the use of an electrolyte 
solution vs not using an electrolyte solution for either DRP concentrations across the PSM. This 
is in contrast with the percent DRP removal that was consistently lower for the use of an 
electrolyte for both DRP concentrations. The lack of trends for Smax for KCl presence or absence 
can mostly be explained due to the lack of fit with the model. The fit of the Langmuir model is 
poor for many of the PSM factorial combinations studied, which is contrary to what other studies 
have found when evaluating SS and AMDR [45,47,133]. The Smax was sometimes lower than 
expected when compared to the percent DRP removal, particularly with SS2, AMDR1, and 
AMDR2 at ≤ 1000 mg kg-1, KCl absence where there was 100% removal, but the Smax was below 
1000 mg kg-1. This discrepancy also indicates that the Langmuir model from which Smax is 
derived is not necessarily suitable for all PSM.  
2.4.2 Flow-through Column Breakthrough Curves 
Our results were in mixed support of the hypothesis that the combinations of retention 
time and inflow solution DRP concentration would have the same DRP removal on a mass basis 
for SS1 and SS2. As slopes of the removal curves were mostly only different between PSM type 
at 0.5 mg L-1 for all retention times, the best way to minimize discrepancies in estimated DRP 
removal potential between PSM types would be to use an inflow solution DRP concentration that 
is greater than 0.5 mg L-1 and less than 3 mg L-1. Minimizing discrepancies is beneficial because 
in a P removal structure, each batch of PSM may be slightly different than before so it is 
pertinent that the design of the structure can provide conditions optimal for DRP removal for 
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multiple PSM. Other researchers have suggested that DRP concentration should be above 0.2 mg 
L-1 due to the inability of PSM to remove low DRP concentrations over an extended period of 
time [32]. Within PSM type, particularly SS1, the decrease in slope and DRP removal potential 
with faster retention time was due to shorter contact time of the PSM with the inflow solution 
DRP concentration. A retention time > 20 s and inflow solution DRP concentration > 0.5 mg L-1 
would provide the most effective DRP removal on a mass basis for both types of PSM type for a 
P removal structure in the field. The same stipulations should be used for accessing and 
comparing DRP removal potential for PSM in flow-through columns to decrease the number of 
flow-through column experiments needed. 
Although the comparison of slopes to test DRP removal potential is effective in 
determining differences in the removal curves of the flow-through columns, it does not have the 
ability to indicate if a PSM is losing P, as was the case with SS2 at 2 min and 1 min retention 
time at 3 mg L-1. The outflow DRP concentration was greater than the inflow DRP concentration 
for these two flow-through combinations, eventually resulting in a negative cumulative DRP 
removed, indicating that the SS2 was not only releasing DRP already sorbed, but was also losing 
DRP that present in the PSM (inherent P). The loss of this P could be due to anaerobic conditions 
from the long retention time and resulting in Fe-P selective dissolution from inherent Fe-P. This 
occurrence is only present for SS2 though, not SS1 even though SS1 has a greater concentration 
of ammonium-oxalate extractable Fe and citrate-bicarbonate-dithionite extractable Fe. It also 
does not occur for the lower inflow solution DRP concentrations for SS2 indicating that this may 
only be an issue when there is higher DRP concentrations, which could be an issue in a field 
scenario if there is a high DRP loss event (e.g. rainfall event after fertilization). 
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2.4.3 Flow-Through Columns DRP Recovered by Sequentially Extracted Fraction  
We found support for the hypothesis that the majority of DRP removed for SS in flow-
through columns would be recovered primarily as NH4Cl-P (soluble and loosely bound P), 
H2SO4-P (Ca-P), and NH4F-P (Al-P), but not for the hypothesized increase in relative DRP 
recovery as NH4F-P with decreasing retention time. As hypothesized, NH4Cl-P, NH4F-P, and 
H2SO4-P had the largest proportion of DRP recovered for SS1 and SS2 flow-through columns 
across all retention times and inflow solution DRP concentrations. DRP recovered as NH4F, 
often interpreted as Al-P [59], was the only P fraction for which the effect of retention time 
depended on the inflow solution DRP concentration which supports the hypothesis, but only for 
3 mg L-1. This was likely due to the negative recovery by SS2 at 3 mg L-1 for 2 min and 1 min 
retention times decreasing the average percent DRP recovered as NH4F and why the effect of 
retention time for NH4F-P was not seen at the other two inflow solution DRP concentrations.  
Negative DRP recovery by SS2 at the highest DRP concentration (3 mg L-1) and longer retention 
times (1 and 2 min) evaluated suggests under higher flow of more P-rich water, this particular SS 
released P. The majority of DRP recovered was as H2SO4 (Ca-P) for all flow-through column 
combinations which is in agreement with other studies [38,65]. It has been asserted that DRP 
removal by Ca-rich PSM such as SS occurs by precipitation [38], but this is an assumption that 
overlooks (relatively more rapid) P adsorption to Ca minerals. Studies evaluating P removal by 
Ca-rich minerals such as dolomite and calcite, which are present in SS [127], show that Ca 
adsorption can occur within 20 min to 3 h [129,134], whereas precipitation occurs at > 24 h [129]. 
The high percentage of DRP recovered as loosely and soluble-bound P would indicate that Ca 
removal with SS may occur as adsorption along with Fe and Al. The low NaOH-P is in 
alignment with results from [127], but is contrary to a higher level of NaOH-P for SS [61],[65], 
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indicating that Fe may be playing a larger role in DRP removal even for Ca-rich PSM. These two 
studies did not account for the inherent P, which has been shown to account for up to 100% of 
DRP recovered [127], of SS which could explain the higher NaOH-P. It is important to account 
for inherent P when performing sequentially extracted fractions in order to determine the 
magnitude of DRP recovered from what was removed and not P already present in the PSM. 
2.4.4 Comparisons among DRP Removal Potential of Flow-through Columns vs Batch Isotherms 
Our results support the hypothesis that batch isotherms (no electrolyte, ≤ 20,000 mg kg-1) 
would lead to greater estimated DRP removal potential for SS1 and SS2 than flow-through 
columns, but were in mixed support that batch isotherms (no electrolyte, ≤ 1000 mg kg-1) would 
underestimate DRP removal potential. These results support [49] findings that the Smax from 
batch isotherms did not match the Smax from flow-through columns at a retention time of 30 s. 
The batch isotherms with a DRP range ≤ 1000 mg kg-1 more closely estimated the DRP removal 
potential of the SS in the flow-through columns. It is difficult to compare the DRP removal 
potential, whether by Smax or percent DRP removal, between batch isotherms and flow-through 
column experiments as some PSM won’t reach saturation, some PSM will experience desorption 
after saturation, and the initial DRP concentrations are typically not the same for the two 
methods. Although the DRP removal potential varies between the two methods, for every 
combination of retention time and initial solution DRP concentration, SS1 has a greater 
cumulative DRP removed than SS2, similar to the greater Smax of batch isotherms of both  ≤ 
1000 and  ≤ 20,000 mg kg-1 without an electrolyte solution. For these PSM studied, the one with 
the greatest DRP removal potential remains the same.  
One study [49] found that modeling flow-through columns better predicted DRP removal 
in a P removal structure than batch isotherms, thereby concluding that flow-through columns 
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should be used in the design of a P removal structure. Batch isotherms are still needed to screen 
PSM for DRP removal potential [107]. Columns are costly and time-consuming so being able to 
narrow down the PSM selection by DRP removal potential is necessary. Flow-through columns 
better simulate realistic conditions than batch isotherms but they still pose unrealistic conditions 
such as continuous flow until saturation instead of the wetting and drying that would come with 
intermittent rainfall events and the DRP solution used in the laboratory is distilled water which is 
not representative of agricultural runoff that contains other ions such as Ca, Mg, K, and Na [36].  
2.5 Conclusions 
 The results of this study show that the methodology used to assess DRP removal potential 
can affect the measured DRP removal potential and comparability of PSM DRP removal 
potential. The use of an electrolyte solution decreased the percent DRP removed, but did not 
always lower Smax as expected when compared to a non-electrolyte solution. Additionally, Smax 
may not be an accurate metric when evaluating P-saturation capacity as some PSM had a greater 
DRP removal than the Smax indicated which could be due the some PSM batch sorption data 
having a poor fit to the Langmuir model. A standardized protocol is needed to improve the 
comparability of PSM DRP removal potential which should include a water solution (no 
electrolyte) and a DRP concentration range ≤ 1000 mg kg-1. Based on the SS evaluated here, a 
retention time > 20 s and inflow solution DRP concentration > 0.5 mg L-1 would provide the 
most comparable DRP removal potential on a mass basis for both types of PSM type. Although a 
limited number of PSM were evaluated, the highest DRP removing PSM remained the same 
between batch isotherms and flow-through columns, but more efficiently (time, cost, effort) 
determined with batch isotherms. Batch isotherms should be used to determine the highest DRP 
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